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The characterization of the problem of landslides and the use of piles to improve
the stability of such slopes requires a better understanding of the integrated effect of
laterally loaded piles and their interaction with soil layers above and below the sliding
surface. The methodology presented in this work allows for the assessment of the
mobilized soil-pile pressure and its distribution along the pile segment above the slip
surface based on the soil-pile interaction.

The proposed method accounts for the

influence of soil and pile properties and pile spacing on the interaction between the pile
and the surrounding soils in addition to the pile lateral capacity. Specific criteria were
adopted to evaluate the pile lateral capacity, ultimate soil-pile pressure, development of
soil flow-around failure, and group action among adjacent piles in a pile row above and
below the slip surface. The effects of the soil type as well as the pile diameter, position,
and spacing on the safety factor of the stabilized slope were studied. In addition, the
influence of the pile spacing and the depth of the slip surface on the pile-row interaction
(above and below the slip surface) were further investigated using the presented
technique and 3D Finite Element analysis. The computer software (PSSLOPE), which
was written in Visual Basic and FORTRAN, was developed to implement the
methodology proposed for pile-stabilized slopes, including the slope stability analysis
prior to pile installation using the Modified Bishop Method. The ability of the proposed
iv
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CHAPTER 1

INTRODUCTION

The use of piles to stabilize active landslides or to prevent instability in currently
stable slopes has become one of the most important innovative slope reinforcement
techniques over the last few decades.

Piles have been used successfully in many

situations in order to stabilize slopes or to improve slope stability, and numerous methods
have been developed to analyze pile-stabilized slopes.
The piles used in slope stabilization are usually subjected to lateral force through
horizontal movements of the surrounding soil; hence they are considered to be passive
piles.

The interaction behavior between the piles and the soil is a complicated

phenomenon due to its 3-dimensional nature and can be influenced by many factors, such
as the characteristics of deformation and the strength parameters of both the pile and the
soil.
The interaction among piles installed in a slope is complex and depends on the
pile and soil strength and stiffness properties, the length of the pile that is embedded in
unstable (sliding) and stable soil layers, and the center-to-center pile spacing (S) in a row.
Furthermore, the earth pressures applied to the piles are highly dependent upon the
relative movement of the soil and the piles.
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The characterization of the problem of landslides and the use of piles to improve
the stability of such slopes requires a better understanding of the integrated effect of
laterally loaded pile behavior and the soil-pile-interaction above the sliding surface.
Therefore, a representative model for the soil-pile interaction above the failure surface is
required to reflect and describe the actual distribution of the mobilized soil driving force
along that particular portion of the pile. In addition, the installation of a closely spaced
pile row would create an interaction effect (group action) among adjacent piles not only
below but also above the slip surface.

1.1 Current practice and limitation
Landslide (i.e., slope failure) is a critical issue that is the likely result of poor land
management and/or the seasonal change in the soil moisture conditions. Driven, drilled,
or micro piles can be installed to reduce the likelihood of slope failure or landslides or to
prevent them. At present, simplified methods based on crude assumptions are used to
design the driven/drilled/micro piles needed to stabilize slopes or to reduce the potential
for landslides from one season to another. The major challenge lies in the evaluation of
lateral loads (pressure) acting on the piles/pile groups by the moving soil.
In practical applications, the study of a slope reinforced with piles is usually
carried out by extending the methods commonly used for analyzing the stability of slopes
to incorporate the resisting force provided by the stabilizing piles. There are several
analytical and numerical methods to analyze pile-stabilized slopes.

The analytical

methods used for the analysis of stabilizing piles can generally be classified into two
different types: (i) pressure-based methods and (ii) displacement-based methods.
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The pressure-based methods (Broms, 1964; Viggiani, 1981; Randolph and
Houlsby, 1984; Ito and Matsui, 1975) are based on the analysis of passive piles that are
subjected to the lateral soil pressure. The most important limitation of pressure-based
methods is that they apply to the ultimate state only (providing ultimate soil-pile
pressure) and do not give any indication of the development of pile resistance with the
soil movement (mobilized soil-pile pressure). These methods have been developed based
on simplifying assumptions. For example, some assume that only the soil around the
piles is in a state of plastic equilibrium, satisfying the Mohr–Coulomb yield criterion.
Therefore, the equations are only valid over a limited range of pile spacing, since, at a
large spacing or at a very close spacing, the mechanism of soil flow through the piles is
not in the critical mode. Also, in some methods, the piles are assumed to be rigid
structures with infinite length.
The displacement-based methods (Poulos, 1995; Lee et al., 1995) utilize the
lateral soil movement above the failure surface as an input to evaluate the associated
lateral response of the pile.

The superiority of these methods over pressure-based

methods is that they can provide mobilized pile resistance by the soil movement. In
addition, they reflect the true mechanism of soil-pile interaction.

However, in the

developed displacement-based methods, the pile is modeled as a simple elastic beam, and
the soil as an elastic continuum, which does not represent the real non-linear behavior of
the pile and soil material. Also, in these methods, group effects, namely pile spacing, are
not considered in the analysis of the soil-pile interaction.
Over the last few years, numerical methods have been used by several researchers
(Chow, 1996; Jeong et al., 2003; Zeng and Liang, 2002; Yamin and Liang, 2010;
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Kourkoulis et al., 2012) to investigate soil-pile interaction in pile-stabilized slopes.
These methods are becoming increasingly popular because they offer the ability to model
complex geometries; 3D soil-structure phenomena, such as pile group effects; and soil
and pile non-linearity. However, numerical methods are computationally intensive and
time-consuming.

1.2 Research objectives
The presented research work had a primary goal of developing a reliable and
representative design method that accounts for the effect of the soil and pile properties
and pile spacing on the performance of pile-stabilized slopes based on the soil-pile
interaction. The proposed design approach was also compiled into a computer program
for the analysis of pile-stabilized slopes.
Chapter 3 presents the characterization of the proposed method, including the
determination of the mobilized driving soil-pile pressure per unit length of the pile (pD)
above the slip surface. The implementation of the proposed technique, which is based on
the soil-pile interaction, in an incremental fashion using the strain wedge (SW) model
technique is also demonstrated in Chapter 3. The buildup of pD along the pile segment
above the slip surface should be coherent with the variation of stress/strain level that is
developed in the resisting soil layers below the slip surface.

The mobilized non-

uniformly distributed soil-pile pressure (pD) was governed by the soil-pile interaction
(i.e., the soil and pile properties) and the developing flow-around failure both above and
below the slip surface. Post-pile installation safety factors (i.e., stability improvement)
for the whole stabilized slope and for the slope portions uphill and downhill from the pile
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location were determined. The size of the mobilized passive wedge of the sliding soil
mass controlled the magnitudes and distribution of the soil-pile pressure (pD) and the total
amount of the driving force (PD) transferred via an individual pile in a pile row down to
the stable soil layers. The presented technique also accounted for the interaction among
adjacent piles (group effect) above and below the slip surface.
In Chapter 4, the calculation iterative process of the proposed technique is
presented for a sliding soil movement that exceeds the pile deflection. Such a loading
scenario (i.e., flow mode) was the dominant mode of failure in pile-stabilized slopes with
a shallow sliding surface. The “flow mode” created the least damaging effect of soil
movement on the pile. Therefore, if protection of the piles is being attempted, efforts
should be made to promote this mode of behavior. The effect of the pile position in the
slope, the soil type, the pile diameter, and the pile spacing were studied through
illustrative examples. In addition, the capability of the current technique was validated
through a comparison with measured results obtained from well-instrumented case
studies.
The proposed technique is extended in Chapter 5 to detect different modes of
failure (e.g., the “flow mode” and the “intermediate mode”) in pile-stabilized slopes. The
method presented in Chapter 5 was developed based on the slope-pile displacement and
the induced soil strain that varies along the pile length according to relative soil-pile
displacement. In the proposed method, the soil lateral free-field movement at the pile
location, yff, was used as an input to evaluate the associated lateral response (i.e.,
deflection) of the stabilizing pile. The ability of this method to predict the behavior of
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piles subjected to lateral soil movements due to slope instability was verified through a
comparison with two case histories.
Chapter 6 investigates the effect of pile spacing and the depth of the sliding soil
mass on the pile-row interaction (above and below the slip surface) in pile-stabilized
slopes using the presented technique and 3D Finite Element analysis (Plaxis 3D).
The computer software (PSSLOPE), which was written in Visual Basic and
FORTRAN, was developed to implement the presented technique for pile-stabilized
slopes, including the slope stability analysis (with no piles) using the Modified Bishop
Method. The user manual of the PSSLOPE program for input and output data is provided
in Appendix A.
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CHAPTER 2

LITERATURE REVIEW

Landslide (slope failure) is a critical issue that likely results from poor land
management and/or the seasonal changes in soil moisture conditions. Driven, drilled, or
micro piles can be installed to prevent or at least reduce the likelihood of slope failure or
landslides. At present, simplified methods based on crude assumptions are used to design
the driven/drilled/micro piles needed to stabilize the slopes of bridge embankments or to
reduce the potential for landslides from one season to another. The major challenge lies
in the evaluation of lateral loads (pressure) acting on the piles/pile groups by the moving
soil (see Figure 2.1).
The characterization of the problem of landslides and the use of piles to improve
the stability of such slopes requires better understanding of the integrated effect of
laterally loaded pile behavior and soil-pile-interaction above the sliding surface.
Therefore, a representative model for the soil-pile interaction above the failure surface is
required to reflect and describe the actual distribution of the soil driving force along that
particular portion of the pile.
In practical applications, the study of a slope reinforced with piles is usually
carried out by extending the methods commonly used for analyzing the stability of slopes
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to incorporate the resistant force provided by the stabilizing piles (Frp), as shown in
Figure 2.2. There are several analytical and numerical methods to analyze pile-stabilized
slopes.

Slope surface
Soil mobilized
driving force

Sliding surface
Sliding soil mass

Pile extended into
stable soil
Soil-Pile Resistance

Figure 2.1 Driving force induced by the sliding soil mass above the sliding surface

2.1 Analytical methods
The analytical methods used for the analysis of stabilizing piles can generally be
classified into two different types: (i) pressure-based methods and (ii) displacement-based
methods. The pressure-based methods (Broms, 1964; Viggiani, 1981; Randolph and
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Houlsby, 1984; Ito and Matsui, 1975) are centered on the analysis of passive piles that
are subjected to lateral soil pressure. The most notable limitation of pressure-based
methods is that they apply to the ultimate state only (providing ultimate soil-pile
pressure) and do not give any indication of the development of pile resistance with soil
movement (mobilized soil-pile pressure).

Driving
force
Frp
Resisting
force
Failure surface

Figure 2.2 Forces acting in the pile-stabilized slope

In displacement-based methods (Poulos, 1995; Lee et al., 1995), the lateral soil
movement above the failure surface is used as an input to evaluate the associated lateral
response of the pile. These methods are superior to pressure-based methods because they
can provide mobilized pile resistance by soil movement. In addition, they reflect the true
mechanism of soil-pile interaction.

9

2.1.1 Pressure-based methods
Broms (1964) suggested the following equation to calculate the ultimate soil-pile
pressure (Py) in sand for a single pile:

′ ,
Py = aK pσ vo

(2.1)

where Kp is the Rankine passive pressure coefficient, Kp=tan2 (45+φ/2), φ is the angle of
′ is the effective overburden pressure, and a is a coefficient
internal friction of the soil, σ vo

ranging between 3 and 5. Randolph and Houlsby (1984) have developed an analysis for
drained conditions in clay in which the coefficient a in Equation 2.1 is Kp.
Viggiani (1981) has derived dimensionless solutions for the ultimate lateral
resistance of a pile in a two-layer purely cohesive soil profile. These solutions provide
the pile shear force at the slip surface and the maximum pile bending moment as a
function of the pile length and the ultimate soil-pile pressure (Py) in stable and unstable
soil layers. In this method, the value of Py for saturated clay is given by the following
expression:

Py = k c d ,

(2.2)

where c is the undrained shear strength, d is the pile diameter, and k is the bearing
capacity factor. Viggiani (1981) has estimated the values of k in the sliding soil to be half
of those in the stable soil layer. However, other than the near-surface effects, there
appears to be no reason for such difference to exist (Poulos, 1995).
Ito et al. (1981) proposed a limit equilibrium method to deal with the problem of
the stability of slopes containing piles. The lateral force acting on a row of piles due to
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soil movement is evaluated using theoretical equations, derived previously by Ito and
Matsui (1975) based on the theory of plastic deformation as well as a consideration of the
plastic flow of the soil through the piles. This model was developed for rigid piles with
infinite lengths, and it is assumed that only the soil around the piles is in a state of plastic
equilibrium, satisfying the Mohr–Coulomb yield criterion (see Figure 2.3). The ultimate
soil pressure on the pile segment, which is induced by flowing soil, depends on the
strength properties of the soil, the overburden pressure, and the spacing between the piles.

Figure 2.3 Plastic state of soil just around the piles (Ito and Matsui, 1975)
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In this method, the lateral force per unit length of the pile (pD) at each depth is
given as follows:
1/ 2
−1 / 2

2 tan ϕ + 2 Nϕ + Nϕ
1
1/ 2
pD ( z ) = A × C 
( B − 2 Nϕ tan ϕ − 1) +
1/ 2
Nϕ tan ϕ + Nϕ − 1
 Nϕ tan ϕ

 2 tan ϕ + 2 Nϕ 1 / 2 + Nϕ −1 / 2
 γz
−1 / 2
− C  D1
− 2 D2 Nϕ  +
( A × B − D2 ) ,
1/ 2
Nϕ tan ϕ + Nϕ − 1

 Nϕ

π ϕ 
where Nϕ = tan 2  +  ,
4 2

D 
A = D1  1 
 D2 





(2.3)

( N ϕ 1 / 2 tan ϕ + N ϕ −1)

and

 D − D2
 π ϕ 
B = exp 1
Nϕ tan ϕ tan +   .
 8 4 
 D2
D1 is the center-to-center pile spacing in a row; D2 is the clear spacing between
the piles (see Figure 2.3); C is the cohesion of the soil; φ is the angle of the internal
friction of the soil; γ is the unit weight of the soil; and z is an arbitrary depth from the
ground surface.
In the case of cohesive soil (φ = 0), the lateral force is obtained through the
following equation:

 
π
D D − D2
pD ( z ) = C D1  3 log 1 + 1
tan  − 2( D1 − D2 )
D2
D2
8
 


 + γz( D1 − D2 ) .


(2.4)

The equations are only valid over a limited range of spacings since, at large
spacings or at very close spacings, the mechanism of soil flow through the piles
postulated by Ito and Matsui (1975) is not the critical mode (Poulos, 1995). A significant
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increase in the value of the soil-pile pressure (pD) can be observed by reducing the clear
spacing between piles.
Hassiotis et al. (1997) extended the friction circle method by defining new
expressions for the stability number to incorporate the pile resistance in a slope stability
analysis using a closed form solution of the beam equation. The ultimate force intensity
(the soil-pile pressure) is calculated based on the equations proposed by Ito and Matsui
(1975), assuming a rigid pile. The finite difference method is used to analyze the pile
section below the critical surface as a beam on elastic foundations (BEF). However, the
safety factor of the slope after inserting the piles is obtained based on the new critical
failure surface, which does not necessarily match the failure surface established before
the piles were installed.

2.1.2 Displacement-based methods
In displacement-based methods (Poulos, 1995; Lee et al., 1995), the lateral soil
movement above the failure surface is used as an input to evaluate the associated lateral
response of the pile. The superiority of these methods over pressure-based methods is
that they can provide mobilized pile resistance by soil movement. In addition, they
reflect the true mechanism of soil-pile interaction.
Poulos (1995) and Lee et al. (1995) presented a method of analysis in which a
simplified form of the boundary element method (Poulos, 1973) was employed to study
the response of a row of passive piles incorporated in limit equilibrium solutions of slope
stability, in which the pile is modeled as a simple elastic beam and the soil as an elastic
continuum (see Figure 2.4). The method evaluates the maximum shear force that each
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pile can provide based on an assumed free-field soil movement input and also computes
the associated lateral response of the pile.
Figure 2.5 shows the distribution of the free-field soil movement as adopted by
Poulos (1995). This assumes that a large volume of soil (the upper portion) moves
downslope as a block. Below this is a relatively thin zone undergoing intense shearing in
the “drag zone.”

The prescribed soil movements are employed by considering the

compatibility of the horizontal movement of the pile and soil at each element. The
following equation is derived if conditions at the pile-soil interface remain elastic:
−1
−1

[
I] 
[
I]
{∆pe } ,
[D ] +
{∆p} =
K Rn4 
KRn4


(2.5)

where [D] is the matrix of finite difference coefficients for pile bending; [I]-1 is the
inverted matrix of soil displacement factors; KR is the dimensionless pile flexibility factor
(KR = EI/EsL4); n is the number of elements into which pile is divided; {∆p} is the
incremental lateral pile displacements; {∆pe} is the incremental free-field lateral soil
movement; EI is the bending stiffness of the pile; Es is the average Young’s modulus of
the soil along pile; and L is the embedded length of the pile.
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Figure 2.4 Model for piles in soil undergoing lateral movement as
proposed by Poulos (1973)
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Figure 2.5 Distribution of free-field soil movement as adopted by Poulos (1995)

It should be noted that, while the pile and soil strength and stiffness properties are
taken into account to obtain the soil-pile pressure in this method, group effects, namely
pile spacing, are not considered in the analysis of the soil-pile interaction.
Analysis of pile-stabilized slopes by Poulos (1995) revealed the following modes
of failure:
(1)

The “flow mode” – when the depth of the failure surface is shallow and
the sliding soil mass becomes plastic and flows around the pile (see
Figure 2.6).

The pile deflection is considerably less than the soil

movement under “flow mode.”

For practical uses, Poulous (1995)

endorsed the flow mode that creates the least damage from soil
movement on the pile.
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(2)

The “intermediate mode” – when the depth of the failure surface is
relatively deep and the soil strength along the pile length in both unstable
and stable layers is fully mobilized (see Figure 2.7). In this mode, the
pile deflection at the upper portion exceeds the soil movement and a
resisting force is applied from downslope to this upper portion of the pile.

(3)

The “short pile mode” – when the pile length embedded in stable soil is
shallow and the pile will experience excessive displacement due to soil
failure in the stable layer.

(4)

The “long pile failure” – when the maximum bending moment of the pile
reaches the yields moment (the plastic moment) of the pile section and
the pile structural failure takes place (Mmax = Mp).

Depth (m)
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0.5 -1000
1000 -500

Shear (kN)

Pressure (MPa)
500 -0.6
0.6

5
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Slide
plane

10

15

Figure 2.6 “Flow mode” of failure (Poulos, 1995)
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Figure 2.7 “Intermediate mode” of failure (Poulos, 1995)

2.1.3 Other methods
Ausilio et al. (2001) used the kinematic approach of limit analysis to assess the
stability of slopes that are reinforced with piles. In this approach, a case of a slope
without piles is considered first, where the sliding surface is described by a log-spiral
equation, and then a solution is proposed to determine the safety factor (SF) of the slope,
which is defined as a reduction coefficient for the strength parameters of the soil. Then,
the stability of a slope containing piles is analyzed. To account for the presence of the
piles, a lateral force and a moment are assumed and applied at the depth of the potential
sliding surface. To evaluate the resisting force (FD), which must be provided by the piles
in a row to achieve the desired value of the safety factor of the slope, an iterative
procedure is used to solve the equation and is obtained by equating the rate of external
work due to soil weight ( W& ) and the surcharge boundary loads ( Q& ) to the rate of energy
dissipation ( D& ) along the potential sliding surface:
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( W& + Q& = D& ) .

(2.6)

The kinematically admissible mechanism that is considered is shown in Figure 2.8, where
the sliding surface is described by the following log-spiral equation:

r = roe

(θ − θ o )

tan ϕ
FS

,

(2.7)

where ro is the radius of the log-spiral with respect to angle θo. The failing soil mass
rotates as a rigid body around the center of rotation with angular velocity ώ. This
mechanism is geometrically defined by angles βʹ, θo, θh (see Figure 2.8) and the
mobilized angle of shearing resistance (tanφ/SF). The slope geometry is specified by
height H, and angles α and β, which are also indicated in Figure 2.8. W& , Q& , and D& are
obtained using the following equations:

W& = γ roω& [ f1 − f 2 − f 3 − f 4 ]

(2.8)

L

Q& = q L ω&  ro cos(θ o + α ) −  + s L ω& ro sin(θ o + α )
2


(2.9)

D& =

C ro2 ω&  2 (θ h −θ o ) tanFSϕ

− 1 ,
e
2 tan ϕ 


(2.10)

where γ is the unit weight of the soil, C is the cohesion of the soil, and φ is the angle of
internal friction of the soil. Functions f1, f2, f3, and f4 depend on the angles θo, θh, α, βʹ,
the mobilized angle of shearing resistance (tanφ/SF), and the slope geometry. Further, L
is the distance between the failure surface at the top of the slope and the edge of the slope
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(see Figure 2.8), while q is the applied normal traction and s is the applied tangential
traction.
Nian et al. (2008) developed a similar approach to analyzing the stability of a
slope with reinforcing piles in nonhomogeneous and anisotropic soils.

ώ
θο
rο
θh

q
s

H

α

Sliding surface
βʹ

β

Figure 2.8 Slope failure mechanism as proposed by Ausilio et al. (2001)

2.2 Numerical methods
Over the last few years, numerical methods have been used by several researchers
(Chow, 1996; Jeong et al., 2003; Zeng and Liang, 2002; Yamin and Liang, 2010;
Kourkoulis et al., 2012) to investigate the soil-pile interaction in pile-stabilized slopes.
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These methods are becoming increasingly popular because they offer the ability to model
complex geometries, 3D soil-structure phenomena (such as pile group effects), and soil
and pile non-linearity. However, numerical methods are computationally intensive and
time-consuming.
Chow (1996) presented a numerical approach in which the piles are modeled
using beam elements as linear elastic materials.

In addition, soil response at the

individual piles is modeled using an average modulus of subgrade reaction. In this
method, the sliding soil movement profiles are assumed or measured based on the field
observation. The problem is then analyzed by considering the soil-pile interaction forces
acting on the piles and the soil separately and then combining those two through the
consideration of equilibrium and compatibility. The ultimate soil pressures acting on the
piles in this method for cohesive and cohesionless soils are calculated based on the
equations proposed by Viggiani (1981) and Broms (1964), respectively.
Jeong et al. (2003) investigated the influence of one row of pile groups on the
stability of the weathered slope based on an analytical study and a numerical analysis. A
model to compute loads and deformations of piles subjected to lateral soil movement
based on the transfer function approach was presented. In this method, a coupled set of
pressure-displacement curves induced in the substratum determined either from measured
test data or from finite-element analysis is used as input to study the behavior of the piles,
which can be modeled as a BEF. The study assumes that the ultimate soil pressure acting
on each pile in a group is equal to that adopted for the single pile multiplied by the group
interaction factor that is evaluated by performing a three-dimensional (3D) finite element
analysis.
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Zeng and Liang (2002) presented a limit equilibrium based slope stability analysis
technique that would allow for the determination of the safety factor (SF) of a slope that
is reinforced by drilled shafts. The technique extends the traditional method of slice
approach to account for stabilizing shafts by reducing the interslice forces transmitted to
the soil slice behind the shafts using a reduction (load transfer) factor obtained from load
transfer curves generated by a two-dimensional (2D) finite element analysis.
A similar approach presented by Yamin and Liang (2010) uses the limit
equilibrium method of slices, where an interrelationship among the drilled shaft location
on the slope, the load transfer factor, and the global SF of the slope/shaft system are
derived based on a numerical closed-form solution. Furthermore, to get the required
configurations of a single row of drilled shafts to achieve the necessary reduction in the
driving forces, design charts developed based on a 3D finite element analysis are used
with an arching factor.
More recently, Kourkoulis et al. (2012) introduced a "hybrid" methodology for
the design of slope-stabilizing piles aimed at reducing the amount of computational effort
usually associated with 3D soil-structure interaction analyses. This method involves two
steps: (i) evaluating the required lateral resisting force per unit length of the slope (Frp)
needed to increase the safety factor of the slope to the desired value by using the results
of a conventional slope stability analysis and (ii) estimating the pile configuration that
offers the required Frp for a prescribed deformation level using a 3D finite element
analysis. This approach is proposed for the second step and involves decoupling the
slope geometry from the computation of the piles’ lateral capacity, which allows for the
numeric simulation of only a limited region of soil around the piles (see Figure 2.9a). In
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modeling only a representative region of the soil around the pile, the ultimate resistance
is computed by imposing a uniform displacement profile onto the model boundary (see
Figure 2.9b).

23

Figure 2.9 Schematic illustration of the simplified “hybrid” methodology
proposed by Kourkoulis et al. (2012)
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CHAPTER 3

MODELING SOIL-PILE INTERACTION IN PILE-STABILIZED
SLOPES USING THE STRAIN WEDGE MODEL TECHNIQUE

The use of piles to stabilize active landslides, and as a preventive measure in
already stable slopes, has become one of the most important innovative slope
reinforcement techniques in last few decades. Piles have been used successfully in many
situations in order to stabilize slopes or to improve slope stability, and numerous methods
have been developed for the analysis of piled slopes (Ito et al., 1981; Poulos, 1995; Chen
and Poulos, 1997; Zeng and Liang, 2002; Won et al., 2005). The interaction among the
stabilizing piles is very complex and depends on the soil and pile properties and the level
of soil-induced driving force. At present, simplified methods based on crude assumptions
are used to design the piles that are needed to stabilize the slopes and prevent landslides.
The major challenge lies in the evaluation of lateral loads (i.e., pressure) acting on
the piles by the moving soil. The presented method allows for the determination of the
mobilized

driving

soil-pile

pressure

per

unit

length

of

the

pile

(pD)

above the slip surface based on the soil-pile interaction using the strain wedge (SW)
model technique. Also, the presented technique accounts for the interaction among
adjacent piles (i.e., the group effect) above and below the slip surface.
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3.1 Proposed method
The strain wedge (SW) model technique developed by Norris (1986), Ashour et
al. (1998), and Ashour and Ardalan (2012) for laterally loaded piles (long, intermediate,
and short piles) based on the soil-structure interaction is modified to analyze the behavior
of piles used to improve slope stability. The modified technique evaluates the mobilized,
non-uniformly distributed soil-pile pressure (pD) along the pile segment above the
anticipated failure surface (see Figure 3.1). The presented technique focuses on the
calculation of the mobilized soil-pile pressure (pD) based on the interaction between the
deflected pile and the sliding mass of soil above the slip surface using the concepts of the
SW model. The pile deflection is also controlled by the associated profile of the modulus
of subgrade reaction (Es) below the sliding surface (see Figure 3.2).
It should be emphasized that the presented model targets the equilibrium between
the soil-pile pressures that are calculated both above and below the slip surface, as
induced by the progressive soil mass displacement and pile deflection.

Such a

sophisticated

requires

type

of

loading

mechanism

and

related

equilibrium

synchronization among the soil pressure and pile deflection above the failure surface as
well as the accompanying soil-pile resistance (i.e., Es profile) below the slip surface.
The capabilities of the SW model approach have been used to capture the
progress in the flow of soil around the pile and the distribution of the induced driving
force (PD = Σ pD) above the slip surface based on the soil-pile interaction (i.e., the soil
and pile properties).
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stable soil
Soil-pile
resistance (p)

Figure 3.1 Driving force induced by a displaced soil mass above the sliding surface
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Soil-pile resistance
(Beam on Elastic Foundation)

Stable soil

Figure 3.2 Proposed model for the soil-pile analysis in pile-stabilized slopes

As seen in Figures 3.1 and 3.2, the soil-pile model utilizes a lateral driving load
(above the failure surface) and lateral resistance from the stable soil (below the failure
surface). The shear force and bending moment along the pile are also calculated. After
that, the safety factor of the pile-stabilized slope can be re-evaluated. The implemented
soil-pile model assumes that the sliding soil mass imposes an increasing lateral driving
force on the pile as long as the shear resistance along the sliding surface upslope of the
pile cannot achieve the desired stability safety factor (SF).
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3.1.1 Model characterization
A full stress-strain relationship of soil within the sliding mass (sand, clay, C-ϕ
soil) is employed in order to evaluate a compatible sliding mass displacement and pile
deflection for the associated slope safety factor (see Figure 3.3). The normal strain in the
soil at a stress level (SL) of 0.5 is shown as ε50.
As seen in Figure 3.4, a mobilized, three-dimensional passive wedge of soil will
develop into the sliding soil zone above the slip surface (i.e., the upper passive wedge)
with a fixed depth (Hs) and a wedge face of width (BC) that varies with depth (xi) (i.e.,
the soil sublayer and pile segment i):

( BC ) = D + ( H
i

s

- xi ) 2 ( tan β m )i ( tan ϕ m )i

xi ≤ H s

(3.1)

and

( β m )i = 45 +

(ϕ m )i
2
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.

(3.2)
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3.19ε
exp(−3.707SLi )
(ε 50 ) i
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Stage II: SLi =

λε
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exp(−3.707 SLi )*



Stage III: SLi = exp ln 0.2 +
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100ε 

(mε + qi ) 

**
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* λ changes
** m=59.0

εf
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Strain (ε %)

linearly from 3.19 at SL = 0.5 to 2.14 at SL = 0.8

and q i= 95.4 ε50

Figure 3.3 Soil stress-strain relationship implemented in the proposed method
(Ashour et al., 1998)

The horizontal size of the upper passive wedge is governed by the mobilized
fanning angle (ϕm), which is a function of the soil stress level (SL) (see Figure 3.4a). The
mobilized fanning angle, ϕm, of the upper (driving) passive soil wedge due to the
interaction between the moving mass of soil and the embedded portion of the pile (Hs)
increases with progress in soil displacement and the associated soil strain that is induced
(i.e., the SL in the soil). Figures 3.5, 3.6, and 3.7 show the variation of the mobilized
effective friction angle with the soil stress as employed in the current study.
It should be mentioned that the effective stress (ES) analysis is employed with
clay soil (see Figure 3.6) as well as with sand and C-ϕ soil in order to define the
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three-dimensional strain wedge geometry with the mobilized fanning angle, ϕm. To
account for the effective stress in clay, the variation of the excess pore water pressure is
determined using Skempton’s equation (Skempton, 1954) where the water pressure
parameter varies with the soil stress level (Ashour et al., 1998).
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Figure 3.4 Characterization of the upper soil wedge as employed in the proposed
technique
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Figure 3.5 Variation of the mobilized effective friction angle with the soil stress in sand
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Figure 3.6 Variation of the mobilized effective friction angle with the soil stress in clay
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Figure 3.7 Variation of the mobilized effective friction angle with the soil stress
in C-ϕ soil

The soil strain (εs) in the upper passive wedge (i.e., the sliding soil mass), as well
as the soil stress level (SL), increase gradually in an incremental fashion (a step-by-step
loading process) (see Figure 3.3). Therefore, the horizontal stress change at the face of
the wedge at depth x becomes

∆ σ h = SL ∆ σ hf ,

(3.3)

where ∆σh is the deviatoric stress calculated at the current soil strain εs in sublayer i, with
a confining effective stress ( σ 3c
′ = effective overburden pressure σ vo
′ ).

The ultimate

deviatoric stress, ∆σhf, is calculated for sand as


ϕ 

∆σ hf = σ vo tan 2  45 +  − 1 ,
2 



(3.4)

∆ σ hf = 2 S u ,

(3.5)

for clay as
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and for C-ϕ soil as

∆σ hf = (


C
ϕ 

+ σ vo ) tan 2  45 +  − 1 .
tan ϕ
2 



(3.6)

In each loading step, the distribution of pD (see Figures 3.1 and 3.2) along the pile length
embedded into the sliding soil layer(s) is determined as

( p D ) i = ( ∆σ h ) i BC i S 1 + 2τ i D S 2 ,

where PD =

(3.7)

i = n at slip surface

∑p
i =1

D

.

In this equation, pD is the soil-pile pressure per unit length of the pile (F/L) at the
current effective confining pressure ( σ 3′c ) (i.e., the overburden pressure assuming
isotropic conditions, K = 1) and soil strain εs in soil sublayer i at depth xi. Further, D is
the width of the pile cross section, and BC is the width of the soil passive wedge at depth
xi while S1 and S2 represent shape factors of 0.75 and 0.5, respectively, for a circular pile
cross section and 1.0 for a square pile (Ashour et al., 1998). Finally, τ is the pile-soil
shear resistance along the side of the pile (see Figure 3.4a). The side shear stress, τi, in
sand is determined as

τ i = (σ vo ) i tan(ϕ s ) i ,

(3.8)

where tan ϕs = 2 tan ϕm and tan ϕs ≤ tan ϕ. In clay, τi is determined as

τ i = ( SLt
34

)i ( τ ult )i ,

(3.9)

where τult is a function of Su, and in C-ϕ soil, τi is calculated as

τ i = (σ vo )i tan(ϕ s )i + Cs ,

where tan ϕs = 2 tan ϕm, Cs = 2 Cm, and

(3.10)

Cm tan ϕ m
.
=
Cs
tan ϕ s

In these equations, ϕs and Cs are the mobilized side shear angle and adhesion,
respectively, while ϕm represents the mobilized friction angle and Cm is the mobilized
cohesion in the mobilized wedge. Further, SLt is the stress level of the pile side shear
strain in clay, and Su is the undrained shear strength of the clay soil. In Equation 3.8 and
3.10, the tangent of the mobilized side shear angle (tanϕs) and the side adhesion (Cs)
develop at twice the rate of the tangent of the mobilized friction angle (tanϕm) and the
mobilized cohesion (Cm). Of course, ϕs and Cs are limited to the fully developed friction
angle (ϕ) and cohesion (C) of the soil (Cs ≤ C and tan ϕs ≤ tan ϕ).
Also, the SW model is applied to assess the modulus of subgrade reaction profile
(Es) along the pile length below the slip surface (i.e., p) as shown in Figure 3.1. Ashour
et al. (1998) presents detailed information on the assessment of the Es profile below the
slip surface as employed in the current method for the beam on elastic foundation (BEF)
analysis.

3.1.2 Failure criteria in the proposed method
The mobilized passive wedge in front of a laterally loaded pile is limited by
certain constraint criteria in the SW model analysis. Those criteria differ from one soil to
another and are applied to each sublayer. Ultimate resistance criteria govern the shape
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and the load capacity of the wedge in any sublayer in SW model analysis.

The

progressive development of the ultimate resistance with respect to depth is difficult to
implement without employing the multi-sublayer technique.
The mobilization of the passive wedge in sand soil depends on the horizontal
stress level, SL, and the pile side shear resistance, τ. The side shear stress is a function of
the mobilized side shear friction angle, ϕs, as mentioned previously, and reaches its
ultimate value (ϕs = ϕ) earlier than the mobilized friction angle, ϕm, in the wedge (i.e., SLt

≥ SL). This causes a decrease in the soil resistance growth rate as characterized by the
second term in Equation 3.7.
Generally, the ultimate force that the pile can deliver to the stable layer depends on
the soil parameters (above and below the failure surface), the depth of the failure surface
at the pile location, the pile length and bending stiffness (i.e., the pile relative stiffness),
and the pile spacing within a row. Application of the SW technique to model pile group
interaction (the pile spacing effect) is discussed in the next section.
The first soil-pile interaction-controlling mechanism would activate when the soil
strength above the failure surface is fully mobilized. In this case, pD is equal to (pD)ult in
each soil sublayer (i) above the slip surface (i.e., SL = 1).
[( pD

)ult ]i = ( ∆ σ hf )i BC i S 1 + 2 ( τ f )i D S 2

(3.11)

The second failure mechanism (flow-around failure) happens when the soft/loose
soil flows around the pile. Such behavior may occur while pD in sublayer i is still less
than its ultimate value (pD)ult (i.e., SL < 1), especially in soft clay (Ashour and Norris,
2000). This ceases the growth of the upper passive soil wedge and the interaction
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between the pile section and the slipping sublayer of the soil. As a result, no additional
soil pressure is transferred by the pile segment embedded in that soil sublayer (i).
The flow-around failure happens when the parameter A reaches its ultimate value
(Ault). The parameter A is defined as follows:

Ai =

( p D ) i / D BCi S 1 2 τ i S 2
=
+
,
D
( ∆ σ h )i
( ∆ σ h )i

(3.12)

where A symbolizes the ratio between the equivalent pile face stress, p/D, and the
horizontal stress change, ∆σh, in the soil.

Essentially, it is a multiplier that when

multiplied by the horizontal stress change gives the equivalent face stress. From a
different perspective, it represents a normalized width (that includes side shear and shape
effects) that, when multiplied by ∆σh, yields p/D. By combining the equations of the
passive wedge geometry and the stress level with the above relationship, one finds that, in
sand,

( h - x i ) 2 ( tan β m tan φ m )i  + 2 S 2 ( σ vo )i ( tan ϕ s )i .

Ai = S 1  1 +
D
( ∆σ h )i



(3.13)

In clay, the following results:

( h - x i ) 2 ( tan β m tan φ m )i
Ai = S 1  1 +
D


 S ( SL )
t i
+ 2
.

SL i


(3.14)

Here, the parameter A is a function of the pile and wedge dimensions, applied
stresses, and soil properties. The assessment of Ault in sand was initially developed by
Reese (1983) and modified by Norris (1986) as
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( Ault )i =

(K a )i [(K p )i 4 − 1] + (K o )i (K p )i 2 tan ϕi

(K ) − 1

,

(3.15)

p i

where Ka and Kp are the Rankine active and passive coefficients of lateral earth pressure,
and Ko is the coefficient of earth pressure at-rest. Further, the (Ault)i of clay is presented
by Norris (1986) as

( pult )i
( Ault )i =

(

D
∆σ hf

)i

=

( pult )i = 5 +
S1 S 2 .
D 2 ( S u )i

(3.16)

The above-mentioned soil failure mechanisms correspond to the “flow mode’’ of
failure, in which slipping soil displacement excessively exceeds the pile deflection, as
addressed by Poulos (1995). These scenarios happen when the depth of the failure
surface is shallow (assuming that there is enough pile embedment in stable soil) and the
pile behaves mostly as a rigid element.
The third mode of failure happens when the length of the pile embedded in the stable
soil layer (He) is not long enough, which is known as the “short-pile mode" of failure, and
failure in the stable soil layer would lead to pile rotation as a rigid body (see Figure 3.8).
This mode of failure should be avoided in practical design and is not considered in this
study.
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Figure 3.8 “Short pile” mode of failure in pile-stabilized slopes

Also, the amount of load delivered by the pile to the stable load is limited by the
pile’s structural capacity (the fourth mode of failure). Pile structural failure takes place
when the bending moment in the pile reaches its ultimate value, Mp (the plastic moment),
to form a plastic hinge. Therefore, in the following study, the ratio of the pile maximum
moment to its plastic moment (Mmax/Mp) is considered to be an indication of the pile’s
structural stability (i.e., pile material failure).

This mode of failure, in which the

structural capacity of the pile is fully mobilized, corresponds to the “intermediate mode
of failure,” as addressed by Poulos (1995).
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3.1.3 Pile row interaction (group effect)
The number of piles required for slope stabilization is calculated based on spacing
and interaction among the piles. The pile group interaction technique, developed by
Ashour et al. (2004), is used to estimate the interaction among the piles above and below
the sliding surface. The mobilized and ultimate lateral force induced by the moving soil
mass (and its distribution) and the corresponding pile deflection (i.e., the Es profile below
the failure surface) can be re-evaluated based on the pile’s group interaction.
As a result of adjacent soil wedge overlapping, the build up of soil-pile pressure
above and below the failure surface (pD and p, respectively) in any sublayer (i) is
governed by the horizontal growth of the mobilized passive soil wedges (see Figure 3.9).

Adjusted uniform stress at the face of the soil wedge

r
Soil wedge

BC
Soil wedge

Pile

Pile
Uniform pile
face movement

Overlap of stresses based on elastic theory
Figure 3.9 Horizontal passive soil wedge overlap among adjacent piles
(Ashour et al., 2004)
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The average stress level in a soil layer due to passive wedge overlap (SLg) is
evaluated based on the following relationship (Ashour et al., 2004):
1.5

( SL g )i = SLi ( 1 + ∑ R j )

≤ 1,

(3.17)

where j is the number of neighboring passive wedges in soil layer i that overlap the
wedge of the pile in question (j = 2 for a single pile row). In addition, R is the ratio
between the length of the overlapped portion of the face of the passive wedge (r) and the
width of the face of the passive wedge (BC) (see Figure 3.9). Further, R, which is less
than 1, is determined for both sides of the pile overlap.
For each soil sublayer, SLg and the associated soil strain (εg) will be assessed. The
soil strain (εg) is larger than ε of the isolated pile (with no group effect) and is determined
based on the stress-strain relationship (σ vs. ε) presented by Ashour et al. (1998) (see
Figure 3.3). The average value of deviatoric stress, (∆σh)g, developed at the face of the
passive wedge in a particular soil sublayer i is represented as

(∆σ h ) g = SL g ∆σ hf .

(3.18)

The Young’s modulus of the soil, Eg, is determined as follows due to soil wedge
overlap:

SL g ∆σ hf ,
Eg =

εg

where Eg ≤ E of the isolated pile case.
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(3.19)

It should be expected that the resulting modulus of subgrade reaction of a pile in a
group (Es)g is equal to or less than the Es of an isolated pile at the same depth (see Figure
3.10); therefore, under the particular exerted load of the moving soil, piles in a group will
yield more deflections than those of a single pile as a result of the pile interaction (i.e.,
the soil wedge overlap effect). This pile deflection derives solely from the presence of
neighboring piles, not the pile in question.

p

Isolated Pile
Pile in a Group

(Es)g

y
Figure 3.10 Change in the p-y curve due to the pile row interaction

It should be noted that the soil Young’s modulus, E, incorporated in this method is
not constant and changes based on the stress level induced in the soil (the secant modulus
of elasticity, see Figure 3.11).
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Figure 3.11 Changes in the soil Young’s modulus as incorporated in this method

In each loading step, the distribution of pD along the pile length that is embedded in
the sliding soil layer(s) due to soil wedge overlap is determined as
( pD ) g = ( ∆σ h ) g BC S1 + 2τ D S 2 ,

(3.20)

where (∆σh)g is calculated from Equation 3.18. Notably, in clay (the effective stress
analysis is used with clay), sand, and C-ϕ soils, the width of the face of the passive
wedge (BC) above the slip surface is limited to the pile’s center-to-center spacing, S (see
Figure 3.12):

( pD ) g ( ult ) = ( ∆σ h ) f ( S ) S1 + 2τ D S2 .
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(3.21)

Therefore, the ultimate soil-pile pressure (pD) along the pile segment above the
anticipated failure surface is a function of (i.e., proportional to) the pile spacing (S) and
decreases as the pile spacing decreases.

BC=S

φ
D
S

S

Figure 3.12 Plan view of the developed passive wedges in the soil above the slip surface

3.2 Definition of safety factor in the presented technique
The computer software PSSLOPE, which is written in Visual Basic and
FORTRAN, has been developed to implement the presented technique for pile-stabilized
slopes, including the slope stability analysis (with no piles) using the Modified Bishop
Method. The features of PSSLOPE software will be discussed in detail in Appendix A.
The design procedure involves the following steps as described by Viggiani
(1981):
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(1) Perform the slope stability analysis for the case of a slope without stabilizing
piles to evaluate the total resistance force needed to increase the safety factor
(SF) for the slope to the desired value
(2) Evaluate the maximum resistance force that each pile can provide (PD)ult to
resist sliding of the potentially unstable portion of the slope
(3) Select the type and number of piles (i.e., the pile spacing) and the most
suitable location in the slope
In the proposed technique (as implemented in the PSSLOPE software), the
modified Bishop method of slices is used to analyze the slope stability. The safety factor
before installing the stabilizing pile is defined as

FS =

Frs
,
Fd

(3.22)

where Frs is the resisting force and Fd is the driving force of the soil mass (along the
critical or potential failure surface), which are determined by the method of slices in the
slope stability analysis of a landslide, as shown in Figure 3.13. In this method, the safety
factor of the whole pile-stabilized slope is calculated by including the total resistance
provided by the piles for one unit length of the slope (Frp), which is shown as follows:

FS =

Fr ( Frs + Frp )
=
.
Fd
Fd

(3.23)

Also, the safety factors of the supported and unsupported portions of the
stabilized slope are obtained in the current study as follows (see Figure 3.14):
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FS(sup ported ) =

Fr ( Frs (sup ported ) + Frp )
=
Fd
Fd (sup ported )

(3.24)

and

FS( un sup ported ) =

Frs ( un sup ported )
Fr
=
,
Fd Fd ( un sup ported ) + [ Fd (sup ported ) − ( Frs (sup ported ) + Frp )]

(3.25)

where Frs (supported) is the resisting force and Fd (supported) is the driving force of the soil mass
along the supported portion of the critical failure surface. The resisting and driving
forces of the soil mass along the unsupported portion of the critical failure surface,
Frs(unsupported) and Fd(unsupported), respectively, are also calculated using the slope stability
method of slices, as shown in Figure 3.14. In Equations 3.23 and 3.25, Frp is calculated
from Equation 3.24 after the desired safety factor of the supported (upslope) portion of
the slope (SF (supported)) is identified. By calculating Frp, the targeted load carried by each
pile in the pile row can be evaluated based on the assumed pile spacing (FD = Frp × S). In
addition, SF (supported) needs to be identified with a minimum value of unity.
Achieving the minimum safety factor (SF

(supported)

= 1) indicates that the

stabilizing pile is able to provide enough interaction with the sliding mass of soil to take a
force equal to the difference between the driving and resisting forces along the slip
surface of the supported portion of the slope (Frp = Fd (supported)-Frs (supported)). As a result,
the second term of the denominator in Equation 3.25 would be zero.
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Critical Failure
Surface
Fd
Frs

Figure 3.13 Slope stability under driving and resisting forces

Frp
Fd(unsupported)
Frs(unsupported)

Figure 3.14 Forces acting on a pile-stabilized slope

However, the minimum safety factor may not be achieved as a result of reaching
the ultimate soil-pile interaction as presented in the previous section. Therefore, the rest
of the driving force (the second term of the denominator in Equation 3.25) will be
delivered (flow) to the lower segment of the slope (the unsupported portion).
To reach the ultimate safety factor of the stabilized slope, an increasing value of
the safety factor of the supported portion of the slope should be used (i.e., transferring
more soil pressure through the piles) until maximum interaction between the piles and
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surrounding soil is observed. However, the stabilizing piles may fail under the plastic
moment before reaching the ultimate soil-pile interaction.

3.3 Summary
The design procedure presented in this study employs the SW model approach as
an effective method for solving the problem of pile-stabilized slopes by calculating the
value and distribution of the mobilized driving force induced by a slipping mass of soil.
The developed technique also assesses the profile of the nonlinear modulus of subgrade
reaction (i.e., p-y curves) for the soil-pile along the length of the pile embedded in the
stable soil (below the slip surface). The SW model allows for the assessment of the
nonlinear p-y curve response of a laterally loaded pile based on the envisioned
relationship between the three-dimensional response of a flexible pile in the soil and its
one-dimensional beam on elastic foundation (BEF) parameters. In addition, the SW
model employs stress-strain-strength behavior of the soil/weathered rock as established
from the triaxial test in an effective stress analysis to evaluate mobilized soil behavior.
Moreover, the required parameters to solve the problem of the laterally loaded pile are a
function of basic soil properties that are typically available to the designer.
The presented technique also accounts for the interaction among adjacent piles
(group effect) above and below the slip surface. The mobilized and ultimate lateral force
induced by the moving soil mass (and its distribution) and the corresponding pile
deflection (i.e., the Es profile below the failure surface) are re-evaluated based on the
pile’s group interaction. Furthermore, the soil flow-around plays an important role in
limiting the amount of driving force that could be transferred by the pile.
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CHAPTER 4

ANALYSIS OF PILE-STABILIZED SLOPES UNDER
FLOW MODE FAILURE

The lateral response of the stabilizing pile under the sliding slope is affected by
the pile and soil strength and stiffness properties, the length of the pile embedded in the
unstable (sliding) and stable soil layers, and the center-to-center pile spacing (S) in a row.
Piles installed in slopes with shallow sliding surfaces show stiffer responses than those
used to stabilize slopes with deeper sliding surfaces. Therefore, pile-stabilized slopes
with shallow sliding surfaces always experience a sliding soil movement that exceeds the
pile deflection, and, mostly, the “flow mode” is the dominant mode of failure, as
discussed by Poulos (1995).
The method presented in this chapter always assumes that the sliding soil
movement exceeds the pile deflection (see Figure 4.1). Also, the soil strains assumed
above and below the slip surface (εs and ε, respectively) represent the relative soil-pile
displacement (δ) above and below the sliding surface. Using the Strain Wedge (SW)
model and adjusting the soil strain above and below the slip surface, the presented
methodology aims at the state of soil-pile equilibrium in which the deflected pile would
interact with the surrounding soil to produce a balanced driving pressure (pD) and a
resisting (p) soil pressure above and below the slip surface (see Figure 4.2). Soil and pile
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properties play significant roles in the analytical process through the soil stress-strain
relationship and pile stiffness and cross section.

Displacement

Soil movement

Depth below ground level

Deflected pile

Failure surface

Figure 4.1 Soil-pile displacement as employed in the presented model
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Pile extended into
stable soil
Soil-pile
resistance (p)

Figure 4.2 Driving and resisting forces applied to the stabilizing pile

4.1 Iteration process in the proposed model
To clarify the procedure employed in the suggested model, the flowchart
presented in Figure 4.3 demonstrates the calculation and iteration process as implemented
in the current model. As seen in Figure 4.4, the sliding soil mass interacts with the
installed piles to form a mobilized passive wedge above the sliding surface. As an
associated soil-pile response, a number of passive soil wedges develop in the stable soil.
In order to detect the progress of the sliding mass of soil and the associated
passive wedges, the equilibrium condition between soil/pile forces above and below the
slip surface should be satisfied. Therefore, the analytical process starts by assuming a
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small initial value of soil strain above and below the slip surface (εs and ε, respectively)
to determine the pD as summarized in Equation 3.7 and the related equations of parameter
A as well as the Es profile below the slip surface (Ashour et al., 2004).
The current pile head deflection (Yo) was evaluated using the SW model
procedure (Ashour et al., 1998) to obtain the (Yo)SWM value that was then compared to the
pile head deflection, (Yo)BEF, calculated from the beam on elastic foundation (BEF)
analysis using the current pD distribution and Es profile.
If (Yo)SWM was larger than (Yo)BEF, εs was adjusted (increased) until an acceptable
convergence between (Yo)SWM and (Yo)BEF was achieved. On the other side, ε would be
increased if (Yo)SWM was less than (Yo)BEF. It should be noted that adjusting εs (i.e., pD)
would also affect the Es profile as a result of changing the dimensions of the lower
passive wedges (i.e., a softer Es profile). Therefore, εs was always increased at a slower
rate compared to ε in order to capture the desired convergence of pile head deflection.
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INPUT DATA
Soil properties, slope profile, pile properties
and desired safety factor of supported portion

Perform slope stability analysis
(modified Bishop) with no piles.

Calculate the driving force (FD) along the slip
surface of the upslope (supported) part of the
slope that is needed to acheive the desired safety
factor of the supported portion.

1. Divide soil layers into thin sublayers (i) with thichness Hi.
2. Calculate effective vertical stress (σvo) for each sublayer.
3. Assume an initial small soil strain εs in soil above the slip surface.
4. Assume a very small soil strain (ε) in soil layers below the slip surface.

Apply the SW model concepts to do the following:
1. Use εs to calculate ∆σh = σd, SL, ϕm, BC, E, and pD for sublayers above
slip surface. The depth of the upper passive wedge is always equal to the
depth of slipping mass (Hs).
2. Use ε to calculate ∆σh = σd, SL, ϕm, BC, E, and Es for sublayers
below slip surface (i.e. Es profile along the pile for current ε).
3. Check soil wedge geometry and overlap above/below the slip surface.
4. Adjust εs and ε for group action.
5. Repeat step 1 and 2 for adjusted εs and ε.
6. Detemine the pile-head deflection (Yo)SWM based on the SW model.

1. Use Es profile to solve the pile problem as a BEF under driving
soil pressure pD acting on the pile segment above the slip surface.
2. Obtain the pile head deflection, (Yo)BEF, from the BEF analysis.

IF
(Yo)SWM = (Yo)BEF

No

IF(Yo)SWM > (Yo)BEF Increase εs
IF(Yo)SWM < (Yo)BEF Increase ε

Yes
1. Accepted loading increment, pD and p above and below the slip surface,
Yo and Es profile.
2. Calculate bending deflection, moment, shear Force, distribution of
driving forces (pD), and safety factor.
3. Current driving force (PD) = Σ(pD)i above the slip surface.

IF
PD < FD

Yes

Increase the value
of εs by ∆ε

No
STOP

Figure 4.3 Flowchart for the analysis of pile-stabilized slopes
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Figure 4.4 Mobilized passive wedges above and below the slip surface

The next increment of loading was followed by increasing εs and adjusting (i.e.,
increasing) the ε of the soil below the slip surface (i.e., the new Es profile) to calculate
(Yo)SWM and (Yo)BEF. The presented methodology aims at reaching the state of soil-pile
equilibrium in which the deflected pile will interact with the surrounding soils to induce a
balanced driving pressure (pD) and a resisting (p) soil pressure above and below the slip
surface. Essentially, there is only a single pile deflection pattern that could maintain the
state of equilibrium between the pile and the surrounding soil above and below the slip
surface. The analysis stopped indicating pile failure when the moment in the pile reached
its ultimate value (i.e., the plastic moment).
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4.2 Evaluation of pile head deflection in the SW model technique
By assuming a continuous and linear deflection pattern for the pile, the SW model
provided an estimate for the linearized pile deflection, especially Yo at the pile head,
using a simplified technique. The multisublayer technique (Ashour et al., 1998) was used
to calculate the pile deflection starting from the base of the mobilized passive wedge in
stable soil and moving upward along the pile by accumulating the pile deflection values
at each sublayer, as shown in the following relationships and also in Figure 4.5:

yi = H iα i = H i

ε
Ψs

.

(4.1)

In Equation 4.1, αi is the linearized pile deflection angle, and the parameter Ψs
changes according to the soil type with average values of 1.77 and 1.4 for sand and clay,
respectively. The following summation holds true:

Yo = ∑ yi

i = 1 to n ,

(4.2)

where Hi indicates the thickness of sublayer i and n symbolizes the current number of
sublayers in the mobilized passive wedge. The main point of interest is the pile head
deflection, which is a function of the soil strain and also of the depth of the compound
passive wedge that varies with the soil and pile properties and the level of soil strain.
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Figure 4.5 Assembly of the pile head deflection using the multisublayer technique
(Ashour et al., 1998)

4.3 Parameters affecting the safety factor (SF) of pile-stabilized slopes
There are several parameters that could affect the slope-pile interaction and the
amount of resistance that the stabilizing pile can provide to increase the safety factor of
the stabilized slope. Some of these influencing factors can be outlined as the geometry
and material properties of the pile, the properties of the soil, the position of the pile in the
slope (i.e., the depth of the slip surface at the pile location), and the spacing of the
adjacent piles.
To examine the effect of the above-mentioned parameters on slopes that are
stabilized by one row of piles, two slopes (Case I and Case II) with the same geometry
but different soil properties were utilized in this study (see Figure 4.6). Both slopes were
10m high with an inclination angle of 30 degrees in respect to the horizontal ground
surface.
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C = 7.5 kPa
ϕ = 17O
γ = 19 kN/m3

Hs
30o

10 m

4m
Firm Layer
(Weathered Rock)

L
Lx

C = 700 kPa
ϕ=0
γ = 20 kN/m3
(a) Case I

30o

C = 14 kPa
ϕ =10O
γ = 18 kN/m3

Hs

10 m

4m
Firm Layer
(Weathered Rock)

L
Lx

C = 700 kPa
ϕ=0
γ = 20 kN/m3
(b) Case II

Figure 4.6 Illustrative examples of the pile-stabilized slopes

A weathered rock deposit was located at 4m below the toe of the slope. For both
cases, the soil was assumed to be a C-ϕ soil, such as silty or clayey sand.
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The safety factor of both slopes before stabilization was about 1.03, obtained by
performing a slope stability analysis using the modified Bishop method; the
corresponding critical failure surfaces are shown in Figure 4.6. Unlike Case I, the critical
failure surface for Case II is deeper because of the larger soil cohesion.
One row of 1.2-m diameter reinforced concrete piles with the properties
summarized in Table 4.1 were installed to increase the stability of the slopes. In order to
carry out this study, the piles were assumed to have enough embedment into the
weathered rock. The pile head maintained free head conditions (i.e., free rotation and
displacement), which is a very common practice.
The parametric study carried out is based on the pile properties listed in Table 4.1
unless otherwise stated. The results of the pile analysis show that stresses caused by the
moment in the piles are more critical than those caused by shear. Therefore, the ratio of
the pile maximum moment to its plastic moment (Mmax/Mp) in the following study is
considered as an indication of pile structural stability (i.e., pile material failure).
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Table 4.1 Pile properties
Property

Value

Unit weight (kN/m3)

23

Diameter (m)

1.2

Elastic modulus (kPa)

2.6×107

Compressive strength of
concrete (kPa)

3.0×104

Plastic moment (kN-m)

5000

Yield strength of the rebar
(kPa)

4.14×105

4.3.1 Effect of pile position
The effect of pile position on the safety factor of pile-stabilized slopes is
illustrated in Figure 4.7. A constant center-to-center pile spacing versus pile diameter
ratio (S/D) of 2.5 was maintained in the analysis. For both slopes, the most effective pile
position was located between the middle and the crest of the slope, as found by Hassiotis
et al. (1997), Jeong et al. (2003), and also Lee et al. (1995), for the two-layered soil slope
case where the upper soft layer was underlain by a stiff layer. This optimum position of
the pile row was also influenced by the pile characteristic length that was embedded into
the unstable and stable regions and was crucial for pile installation and slope stability.
Compared to Case I, Case II exhibited a larger force carried by the pile (PD) (see
Figure 4.7a) and a smaller safety factor (see Figure 4.7b) due to the deeper slip surface at
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the pile position and a larger associated driving force (Fd). It should be mentioned that
the Hs/D ratio had a significant effect on the soil-pile interaction and the amount of force

Resistance developed by each pile (PD), kN

that was transferred by the pile down to the stable soil layer.

1000

(a)
800

600

S/D = 2.5

400

Case I
Case II

200
0.2

0.4

0.6

0.8

1

Lx/L

SF(Whole slope)

1.6

(b)

1.4

S/D = 2.5
1.2

0.2

Case I
Case II
0.4

0.6

0.8

1

Lx/L

Figure 4.7 Effect of pile position on the load carried by the pile and SF of the whole slope
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Thus, designers should not rely on just a general position ratio (Lx/L) for pile
installation to capture the largest safety factor. The desired pile location was influenced
by the shape of the failure surface (i.e., soil properties) as well as pile properties.
Figure 4.8 also presents the variation of the safety factor of the unsupported
portion of the slope versus the pile position. It should be emphasized that the safety
factor of the unsupported portion of the slope should not be less than the desired safety
factor of the whole slope, as determined from Equation 3.25. Such a scenario could take
place when the stabilizing pile is installed close to the crest of the slope. For example, if
the pile is located at Lx/L > 0.8 and Lx/L > 0.9 in Cases I and II, respectively, the safety
factor of the unsupported portion would be less than the safety factor of the whole slope.

7
S/D = 2.5

SF (Unsupported portion)

6

5

4

3

Case I
Case II

2

1
0.5

0.6

0.7

0.8

0.9

1

Lx/L

Figure 4.8 Effect of pile location on the SF of the unsupported portion of the slope

61

Figure 4.9 shows the efficiency ratio (Mmax/Mp) of the stabilizing piles based on
their positions in the slope (Lx/L); Mmax and MP represent the maximum and plastic
moment, respectively. From Figure 4.9, it can be noticed that, for Case II at Lx/L> 0.6,
the safety factor is controlled by the strength of the pile materials (i.e., the structural
failure and the formation of a plastic hinge, where Mmax = MP) while, for other pile
positions in Case II and the entire slope of Case I, the maximum safety factor of the
stabilized slope is obtained based on the ultimate interaction between the pile and the
sliding mass of soil.

4.3.2 Effect of pile spacing
The effect of pile spacing on the safety factor of the slopes is expressed via the
relationship of the safety factor versus the S/D ratio. Figure 4.10 shows the effect of pile
spacing (i.e., group action among neighboring piles) on the safety factor assessed at the
ultimate state of the soil-pile interaction in Case I and Case II at a particular pile position
of Lx/L = 0.7. The safety factor of the slopes, as expected, decreased with increases in the
pile spacing. It is significant to note that the closer the pile spacing was, the larger the
interaction was among the piles below the slip surface. Therefore, a larger pile deflection
is anticipated.
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Figure 4.9 Variation of the pile efficiency ratio (Mmax/MP) versus the pile position
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Figure 4.10 Effect of the pile spacing (i.e., adjacent pile interaction) on slope stability
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4.3.3 Effect of soil type
Figure 4.11 shows the soil pressure per unit length of the pile (pD) above the slip
surface for piles located at Lx/L = 0.5 in Cases I and II, where the values of Hs are 3.8 and
5.5m, respectively. The distribution of pD in both cases corresponds to the ultimate
slope-pile interaction. In order to avoid pile material failure in Case II before reaching
the ultimate interaction of the pile with the surrounding soil, Lx/L < 0.6 were used. More
soil-pile interaction can be expected with less soil plasticity (i.e., soils with higher φ and
less C).

Soil-pile pressure (pD), kN/m
0
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Slip surface for Case I

4
5
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6
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Case II

7

Figure 4.11 pD along the pile segment above the slip surface
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4.3.4 Effect of pile diameter
The effect of pile diameter on the safety factor (SF) of the slope has been studied
for a constant center-to-center pile spacing (S) of 3.0m and Lx/L = 0.7, where pile
stiffness and strength properties were taken into account (see Figure 4.12). As expected,
the safety factors of the stabilized slopes increase as the pile diameters increase from
0.9m to 1.6m. However, a slow increase in the safety factor can be observed beyond pile
diameters of 1.0m and 1.4m in Cases I and II, respectively, as a result of a decreasing
Hs/D ratio. It should also be noted that increasing the pile diameter within the constant
pile spacing (3.0m) would increase the interaction among adjacent piles both above and
below the slip surface.
Figure 4.13 shows the effect of pile diameter on the safety factor of stabilized
slopes using S/D = 2.5 (i.e., varying D and S with a constant ratio of S/D) at the same pile
location (Lx/L = 0.7). As observed in Figure 4.13, the SF of the slope is governed by the
pile strength (i.e., the pile failure) and grows with increases in the pile diameter until the
SF reaches its optimum value at a certain pile diameter. Thereafter, the SF decreases
with increases in the pile diameter (i.e., no pile failure) due to a decrease in the Hs/D
ratio. Consequently, the SF of the stabilized slope is not only dependent on the S/D ratio,
but also is a function of the Hs/D ratio and soil properties. In practice, it is an important
issue to choose appropriate pile spacing and diameter to provide adequate pile resistance
and to avoid high construction costs that may be associated with larger diameter piles.
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Figure 4.12 Effect of the pile diameter on the slope safety factor
using a constant spacing of 3m
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Figure 4.13 Effect of the pile diameter on the slope safety
factor for a constant S/D of 2.5
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4.4 Case studies

4.4.1 Reinforced concrete piles used to stabilize a railway embankment
Instrumented discrete reinforced concrete piles were used to stabilize an 8-m high
railway embankment of Weald Clay at Hildenborough, Kent, UK (Smethurst and Powrie,
2007) (see Figure 4.14). Remediation of the embankment was carried out to solve longterm serviceability problems, including excessive side slope displacements and track
settlements. Stability calculations carried out after an initial site investigation showed the
northern slopes of the embankment to be close to failure. A 3.5-m high rockfill berm was
constructed at the embankment’s toe, and 200 piles were installed along two lengths of
the embankment at 2.4-m spacing to increase the SF of the whole slope to the required
value of 1.3.
Smethurst and Powrie (2007) estimated the driving (shear) force of the soil that
was transferred by the pile and required to achieve the desired safety factor to be 60 kN.
The soil strength parameters reported by Smethurst and Powrie (2007), which were also
used in the current analysis, are based on data from the site investigation and associated
triaxial tests (see Table 4.2).
As reported by Smethurst and Powrie (2007), the 0.6-m diameter and 10-m long
bored concrete piles were constructed at a spacing of 2.4 m. Each pile contained six
(high tensile) T25 reinforcement bars over their full length, and six T32 bars over the
bottom 7m, giving an estimated ultimate bending moment capacity (i.e., plastic moment,
MP) of 250 kN-m over the top 3m, and 520 kN-m over the bottom part of the pile.
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Design failure surface

Intact Weald Clay

Figure 4.14 Embankment profile after the construction platform
was regraded (Smethurst and Powrie, 2007)

Table 4.2 Design soil parameters as reported by Smethurst and Powrie (2007)

Soil type

Unit weight
γ: kN/m3

Friction
angle
φʹ: degrees

Effective cohesion
Cʹ: kPa

Weald Clay embankment fill

19

25

20.9

Softened Weald Clay
embankment fill

19

19

20.9

Weathered Weald Clay

19

25

20.9

Weald Clay

20

30

104.4

Rockfill

19

35

0
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After pile construction, the granular rockfill material was regraded into a twostage slope with the suggested failure surface that is shown in Figure 4.14. The reported
pile bending stiffness (EI) was 187 × 103 kN-m2 for the lower 7m of the pile and 171 ×
103 kN-m2 for the top 3m. The EI of 171 × 103 kN-m2 is taken to be the EI of the whole
pile in the linear analysis. Further, EI = 115 × 103 kN-m2 is considered in the current
analysis to be the bending stiffness of the partially cracked section (2/3 of the initial EI).
Strain gauges were installed in three adjacent piles to measure the bending
moments induced in these piles by slope movements. Displacement data for the soil and
piles were obtained from the inclinometer tubes in the slope, which were located midway
between the piles and the inclinometer tubes in the piles.
The average pile and soil displacements for 42 days, shortly after the rockfill on
the slope surface had been regraded, and 1,345 days are shown in Figure 4.15 (Smethurst
and Powrie, 2007). Using the soil parameters presented in Table 4.2, the Modified
Bishop method is applied in the current procedure to study the stability of the given slope
without piles. An SF of 1.176 was obtained; no specific slope SF value was reported by
Smethurst and Powrie (2007). It should be noted that the slope safety factor is very
sensitive toward any slight change in the slip surface coordinates.
Figures 4.15 and 4.16 show the calculated pile lateral response in comparison to
the measured data. The computed results are based on 89 kN of shear force transferred
by the pile, which is larger than the shear force (60 kN) anticipated by Smethurst and
Powrie (2007).
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Figure 4.15 Measured and computed pile deflection
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Figure 4.16 Measured and computed bending moment along Pile C
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In addition, the negative moment measured in the upper portion of the pile
affected and reduced the lower peak of the positive moment (see Figure 4.16). This
could be referred to the top rock-fill layer displacement, which was less than the pile
deflection, as shown in Figure 4.15. The distribution of the bending moment at certain
depths from the two sets of gauges in Pile C is shown for day 1,345 in Figure 4.16.
Figure 4.17 exhibits the variation of the mobilized pD along the pile segment
embedded in two different types of soils above the slip surface. The current method
provided 89 kN of shear force (ΣpD in Figure 4.17) transferred by the pile, which was
larger than the initially calculated shear force (60 kN) and smaller than the shear force
(110 kN) that was back-calculated from the strain gauge data after 1,345 days by
Smethurst and Powrie (2007). A substantial amount of the driving force was caused by
the interaction between the pile and the rockfill layer compared to the underlying clay
fill. As presented in Figure 4.17, the proposed technique allows for the assessment of the
mobilized soil-pile pressure based on soil and pile properties, assuming that the soil
movement is larger than pile deflection.

71

Soil-pile pressure (pD), kN/m
0

20

40

60

80

0

Rockfill

Depth, m

1

2
Weald Clay embankment fill
3

4

Figure 4.17 Soil-pile pressure (pD) along the pile segment above the critical surface

4.4.2 Tygart Lake slope stabilization using H-piles
Richardson (2005) conducted full scale load tests on pile-stabilized slopes at the
Tygart Lake site in West Virginia.

The slope movement at that site has occurred

periodically for a number of years. As reported by Richardson (2005), ten test holes were
made, and soil and rock samples were collected for laboratory testing. In five of the test
holes, slope inclinometer casings were installed while monitoring wells were installed in
the other five test holes.
Based on the data collected in the test holes, the bedrock at the site dipped and
ranged from 6.7 to 9m from the ground surface near the road edge to 11 to 15.5m below
the ground surface downslope. After about a year of slope monitoring, test piles were
installed near the test holes that showed the most movement. Test Holes 2 and 6 were the
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first to show signs of a similar slip plane. Holes of 18-inch diameters were augured to
accommodate the HP 10 x 42 test piles that were lowered in place and filled with grout at
1.22m pile spacing. The results of this case study are based on a section cut between Test
Borings 2 and 6. Detailed information about the test site, slope monitoring, and soil
description are provided by Richardson (2005).
The failure surface suggested in Figure 4.18 is given based on the slope stability
analysis of the profile. The soil strength parameters (see Table 4.3) used in the slope
stability analysis were back-calculated based on impending failure.

The sand peak

friction angle was determined from the SPT-N (blowcounts) (NAVFAC, 1982), and the
rock strength was obtained from unconfined compression tests (Richardson, 2005). The
pile movement under working conditions was collected via inclinometer data as
presented by Richardson (2005).
Table 4.3 presents the disturbed cohesion and residual friction angle of the soil
along the impending failure surface for the slope stability analysis. It also exhibits the
undisturbed cohesion and full friction angle of the soil along the length of the pile. The
failure surface coordinates shown in Figure 4.18 and the soil properties presented in
Table 4.3 yield a slope SF of 0.976 using the modified Bishop method. Comparisons
between the measured (Piles 4 and 5) and the calculated deflection and moment are
presented in Figures 4.19 and 4.20, respectively. Good agreement between the measured
and computed pile deflection and bending moment can be observed.
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Figure 4.18 Soil-pile profile of the test site at Tygart Lake (Richardson, 2005)
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Table 4.3 Soil property input data utilized in the current study based on reported data

Residual friction
angle, ϕr
(degree)

Undisturbed
cohesion, Cu
(kPa)

Peak friction
angle, ϕ
(degree)
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Soil
number

Soil
type

Unit weight
(kN/m3)

Average
SPT-N

Disturbed
cohesion, Cd
(kPa)

1

Sand

17.3

14

0

19

0

35

2

Sand

20.4

37

0

30

0

42

3

Rock

20.4

-

2068

0

2068

30
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Figure 4.19 Measured and computed pile deflection of the Tygart Lake Test
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Figure 4.20 Measured and computed pile moment of the Tygart Lake Test
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4.5 Summary
An approach has been developed to predict the behavior and safety factors of pilestabilized slopes considering the interaction between the pile and the surrounding soil,
assuming the soil displacement is larger than the pile deflection. The lateral soil pressure
acting on the pile segment above the slip surface is determined based on both soil and
pile properties (i.e., soil-pile interaction). The developed technique accounts for the
effect of pile diameter and position and the center-to-center pile spacing on the mobilized
soil-pile pressure (pD).
The development of the ultimate interaction between the pile and the sliding mass
of soil is determined by considering the strength of the pile material, the soil flow-around
failure, the soil resistance, and the pile interaction with adjacent piles. The study also
shows that the position of the pile in the slope, the depth of the failure surface at the pile
position, the soil type, the pile diameter and the pile spacing have a combined effect on
the maximum driving force that the pile can transfer down to the stable soil. The
presented case studies exhibit the capabilities of the current technique by comparing the
measured results to the predictions of soil-pile response above the slip surface.
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CHAPTER 5

ANALYSIS OF PILE-STABILIZED SLOPS BASED ON
SLOPE-PILE DISPLACEMENT

In the presented technique, the lateral deflection of the stabilizing pile and the
corresponding soil-pile pressure are related to the soil and pile properties, the length of
the pile embedment in the unstable (sliding) and stable soil layers, and the free-field soil
lateral movement at the pile location.
The developed method for the “flow mode” of failure in Chapter 4 assumes that
the soil movement always exceeds the pile deflection. Also, the distribution of the soil
strain above and below the sliding surface (εs and ε, respectively) was assumed to be
uniform. As discussed in Chapter 4, the presented methodology for the “flow mode” of
failure aimed at producing a state of soil-pile equilibrium in which the deflected pile
would interact with the surrounding soils to induce a balanced driving (pD) and resisting
(p) soil pressure above and below the slip surface, respectively, by adjusting the soil
strain at these positions.
However, the presented technique, which was developed based on the slope-pile
displacement, has the ability to detect different modes of failure in pile-stabilized slopes.
Also, the induced soil strain varies along the pile length corresponding to the relative
soil-pile displacement (δ) at that depth.
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5.1 Proposed method based on slope-pile displacement
In the proposed method, the soil lateral free-field movement at the pile location,
yff, is used as an input to evaluate the associated lateral response (i.e., deflection) of the
stabilizing pile.

The prescribed soil movements are employed by considering the

compatibility of the horizontal movement of the pile and the soil at each sublayer. The
lateral response of the stabilizing pile corresponding to the assumed soil lateral
movement is affected by the pile properties, the length of the pile that is embedded in the
unstable (sliding) and stable soil layers, and the pile spacing in a row.
Although the presented method has the ability to predict the pile response in
correspondence with different distributions of the free-field soil movement, the current
method assumes that the unstable soil layer slides down the slope as a soil mass block
(i.e., uniform lateral soil movement, see Figure 5.1).

yff
Sliding (unstable)
Layer

Hs

Hs

Assumed
distribution of
lateral soil
movement

Stable Layer

Figure 5.1 Assumed distribution of the lateral free-field soil movement
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5.1.1

Calculation of soil strain in the proposed method
In the presented technique, the soil strain and stress level (SL) above and below

the slip surface is linked to the relative soil-pile displacement (δ). Based on the pile
deflection obtained from the beam on elastic foundation (BEF) analysis and the assumed
lateral soil movement (yff), the relative soil-pile displacement (δ) for sublayers above the
slip surface is calculated as follows (see Figure 5.2):

δ i = y ff − ( y p )i ,

(5.1)

where (yp)i is the pile deflection at sublayer i. For sublayers below the slip surface, the
relative soil-pile displacement is considered to be the same as the pile deflection at that
sublayer (see Figure 5.2), which is evident in the following equation:

δ i = ( y p )i .

(5.2)

The induced soil strain (εs)i corresponding to the relative soil-pile displacement at
each soil sublayer above the sliding surface is obtained using the following relationship
suggested by Reese (1983):

(ε s )i =

δi
D

,

(5.3)

where D is the pile width (diameter). The soil strain at each soil sublayer below the
sliding surface (ε)i is calculated using the relationship suggested by Ashour and Ardalan
(2012) as follows:

(ε )i = ( Ψs )i αi = ( Ψs )i
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( y p )i
Xi

,

(5.4)

where αi represents the soil shear strain (i.e., the angle of deformation, see Figure 5.3) in
soil sublayer i (α = γ / 2) as derived from Mohr’s circle of strains (Ashour et al., 1998).
Further, Ψs is a parameter with average values of 1.77 and 1.4 for sand and clay,
respectively, that relates the deflection angle (α) to the soil strain ε in the soil sublayer (i)
below the slip surface. The distance between the sublayer i and the first zero-deflection
point is represented by Xi, as shown in Figure 5.3.

Equation 5.4 can be rewritten

considering δi = ( y p )i for the soil sublayers below the slip surface as

(ε )i = ( Ψs )i

δi
Xi

.

(5.5)

yff

δi

(yp)i

Hs

Slip Surface

δi = (yp)i
deflected pile

Figure 5.2 The relative soil-pile displacement at sublayers above and below the slip
surface
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Figure 5.3 Pile deflection and passive wedge characterizations below the slip surface in
the SW model
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With the short pile linear deflection pattern (Figure 5.3b) the soil strain value (εi)
would be the same along the pile length below the slip surface for the developed passive
wedges. However, this is not the case with the deflected long and intermediate pile and
the associated passive wedges (above and below the first zero-deflection point), as shown
in Figures 5.3c and 5.3d.

5.1.2 Iteration process in the proposed method
The iteration process for the proposed method is summarized by the flowchart
presented in Figure 5.4. In the proposed method, the pile deflection that is compatible
with the assumed lateral soil movement is obtained through the following steps:
(1) Initial small values of soil strain above and below the slip surface (εs and ε,
respectively) are assumed to determine 1) the induced soil-pile pressure (pD)
as discussed in Chapter 3 and 2) the Es profile below the slip surface (Ashour
et al., 2004) to obtain the associated pile deflection from the BEF analysis.
(2) Based on the pile deflection obtained from the BEF analysis and the assumed
soil lateral movement (yff), the relative soil-pile displacement (δ) above and
below the slip surface is calculated using Equations 5.1 and 5.2, respectively.
(3) The induced soil strain that corresponds to the relative soil-pile displacement
at each soil sublayer is obtained as discussed in previous section.
(4) The strain calculated for soil sublayers below the slip surface is used to obtain
the new Es profile along the pile length in the stable soil layer (below the
sliding surface). However, the strain at each soil sublayer above the slip
83

surface (εs) is increased by a small increment (i.e., (εs)new = εs+∆εs). The
maximum value of εs at any soil sublayer is limited by Equation 5.3, where δ
is the relative soil-pile displacement. Then, the new soil-pile pressure (pD)
distribution is obtained based on the current εs.
(5) The current pD distribution and Es profile along the pile length above and
below the slip surface, respectively, is used to obtain the associated pile
deflection from the BEF analysis.
(6) Steps (2) through (5) are repeated until for two consecutive iterations, the εs at
all soil sublayers above the sliding surface correspond to the values obtained
from Equation 5.3.
For an assumed yff, Figure 5.5 shows the incremental change of pD (corresponding
to the εs at each step) and the associated pile deflection until the compatible pile
deflection is achieved. It should be noted that, for the assumed lateral soil movement,
there is only a single pile deflection pattern that could maintain the state of equilibrium
between the pile and the surrounding soil above and below the slip surface.
After the state of equilibrium is reached for the assumed soil lateral movement
and the compatible pile deflection is obtained, the corresponding resistance provided by
each stabilizing pile (PD) is calculated. Then, PD is compared to the force that each pile
is required to carry (FD) to increase the safety factor (SF) of the slope to the desired
value. If PD is less than FD, a larger lateral soil movement can be assumed. Obviously,
FD may not be achieved if pile structural failure occurs or the pile reaches its ultimate
interaction with the surrounding soil.
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INPUT DATA
Soil properties, slope profile, pile properties
and desired safety factor of supported portion

Perform slope stability analysis
(modified Bishop) with no piles.

Calculate the driving force (FD) along the slip
surface of the upslope (supported) part of the
slope that is needed to acheive the desired safety
factor of the supported portion.

1. Divide soil layers into thin sublayers (i) with thichness Hi.
2. Calculate effective vertical stress (σvo) for each sublayer.
3. Assume an initial small free field lateral slope movemen (yff).

1. Assume an initial small soil strain εs in soil layers above the slip surface.
2. Assume a very small soil strain (ε) in soil layers below the slip surface.
Apply the SW model concepts to do the following:
1. Use εs to calculate ∆σh = σd, SL, ϕm, BC, E, and pD for sublayers above
slip surface. The depth of the upper passive wedge is always equal to the
depth of slipping mass (Hs).

2. Use ε to calculate ∆σh = σd, SL, ϕm, BC, E, and Es for sublayers

below slip surface (i.e. Es profile along the pile for current ε).
3. Check soil wedge geometry and overlap above/below the slip surface.
4. Adjust ε for group action below the slip surface.
5. If BC in sublayers above the slip surface is larger than
the pile spacing (S), then BC=S.
6. Repeat step 2 for adjusted ε.
1. Use Es profile to solve the pile problem as a BEF under driving
soil pressure pD acting on the pile segment above the slip surface.
2. Obtain the pile deflection (yp) from the BEF analysis.
3. Calculate the relative soil-pile displacement (δ) along the pile length.
4. Calculate the soil strain corresponding to the obtained pile deflection
(ε1) at each sublayer above and below the slip surface using Eqs. (5.3)
and (5.5), respectively.

for soil sublayers below the slip surface:
IF
at all sublayers above
the slip surface
εs = ε1

No

ε = ε1

for soil sublayers above the slip surface:
(εs)new = εs + ∆εs
If

(εs)new > ε1 , then (εs)new = ε1

Yes
1. Accepted loading increment, pD and p above and below the slip surface,
pile deflection and Es profile.
2. Calculate bending deflection, moment, shear Force, distribution of
driving forces (pD), and safety factor.
3. Current driving force (PD) = Σ(pD)i above the slip surface.

IF
PD < FD

Yes

Increase the value
of yff by ∆yff

No
STOP

Figure 5.4 Flowchart for the analysis of pile-stabilized slopes
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Sliding surface
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Foundation)

δi

Deflected pile

δi = (yp)i
pile deflection
Compatible
with yff

Figure 5.5 Iteration in the proposed technique to achieve the pile deflection (yp)
compatible with yff

As mentioned earlier, the presented technique, which was developed based on
slope-pile displacement, is able to detect different modes of failure in pile-stabilized
slopes. For slopes that are stabilized using piles with enough length embedded into the
stable soil layer, two modes of failure are expected (i.e., “flow mode” and “intermediate
mode”). If the slip surface is shallow or the piles used for slope stabilization are stiff
(with a small Hs/D ratio), piles will experience small deflection, and the slope lateral
movement will exceed the pile deflection (see Figure 5.6). This scenario corresponds to
the “flow mode” of failure as addressed by Poulos (1995). In this case, only one passive
wedge will develop above the sliding surface (see Figure 5.6).
On the other hand, if the slip surface is deep (with a high Hs/D ratio) piles behave
more flexible, and the pile deflection at the upper portion will exceed the soil movement.
In addition, a resisting force will be applied from downslope soil to this upper portion of
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the pile (see Figure 5.7). In this case, as shown in Figure 5.7, two passive wedges will
develop above the sliding surface; one at the upper portion of the pile where the
resistance force is applied from downslope soil and one at the lower portion of the pile
above the slip surface where the driving force is applied by the sliding soil mass. This
scenario corresponds to the “intermediate mode” of failure, as addressed by Poulos
(1995).

yff
Upper
mobilized
passive wedge

Mobilized pD

Hs
Sliding surface

Lower
mobilized
passive wedge

Soil-pile resistance
(Beam on Elastic
Foundation)

Deflected pile

(a)

(b)

(c)

Figure 5.6 Illustration of (a) pile deflection, (b) mobilized pD, and (c) associated passive
wedges under “flow mode,” as suggested by the proposed technique
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Soil-pile resistance
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Figure 5.7 Illustration of (a) pile deflection, (b) mobilized pD, and (c) associated passive
wedges under “intermediate mode,” as suggested by the proposed technique

The third mode of failure happens when the length of the pile that is embedded in
the stable soil layer (He) is not long enough (i.e., the “short-pile mode" of failure) and
failure in the stable soil layer would lead to pile rotation as a rigid structure (see Figure
5.8). This mode of failure should be avoided in practical design and is not considered in
this study.
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Figure 5.8 “Short pile” mode of failure in pile-stabilized slopes

5.2 Case studies

5.2.1 Stabilization of the Masseria Marino landslide using steel pipe piles
A well-instrumented field trial consisting of five piles was installed in an active
mudslide in the Basento Valley, Southern Italy, and monitored for three years (Lirer,
2012). The large amount of experimental data (e.g., slide movements, ground water
levels, rainfall heights, pile displacements, and strains) was processed to highlight the
influence of the row of piles on the local and overall mudslide displacement field, as well
as to quantify the shear forces and bending moments within the piles.
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The Masseria Marino landslide (Basento Valley, Potenza) is a mudslide that
developed in highly fissured plastic clay. Involved soils belong to the varicolored clay
formation, a fly ash composed by a clayey and a calcareous component that deposited
during the Oligocene-Miocene epochs and afterwards was subjected to intense tectonic
events. The mudslide body, with a thickness ranging from 4 to 10m, has the same
geological origin, but it is softened and dislocated and consists of a soft clayey matrix,
with lapideous elements, small and stiff shales, and lithorelicts of the parent formation.
The slip surface is localized within a shear zone that is completely destructured and
softened.

The main intrinsic and mechanical properties of the involved soils are

summarized in Table 5.1, as reported by Lirer (2012).

Table 5.1 Average value of the main soil properties (Lirer, 2012)

Sliding body

Shear zone

Stable soil
(Varicolored clay)

20.5-21.1

-

22.1-23.2

PI

22

26.8

27

OCR

2-5

≈1

> 10

φʹcv a (°)

27.23

23.51

-

Su (kPa)

< 50

-

≈ 100

Esecb (MPa)

10-20

-

> 50

Soil

γsat, (kN/m3)

a
b

Critical state friction angle
Young’s modulus at 50% of failure deviatoric stress
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A field trial was started in July 1999 by installing a row of five steel piles (see
Figure 5.9) in the middle section of the Masseria Marino mudslide, where the sliding
body thickness was about 5m. The piles consisted of 6mm thick steel tubes that were
10m long (L) and 0.4m in diameter (D) and were placed with a spacing (S) of 0.9m. The
row of piles was not designed to stabilize the mudslide, but to study the soil-pile
interaction mechanism up to the structural failure of the pile. In fact, the row didn't cover
the whole width of the sliding mass.
The middle pile was equipped (see Figure 5.9) with an inclinometer tube attached
to the uphill side of the pile and with 12 vibrating wire strain gauges for local strain
measurements placed at five measuring sections at different depths. In order to monitor
soil displacements, a number of topographic marks and two inclinometers were placed in
the soil near the piles. The two inclinometers were placed 1.5m away from the row of
piles (see Figure 5.9), one uphill (P1) and one downhill (P3).

Pile

Mudslide direction

Inclinometer
Pizometer

P1

1.5 m

S = 0.9 m

1.5 m

P3

Figure 5.9 Plan view of the field trial in the mudslide (Lirer, 2012)
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Piezometers were installed near the piles at a depth of 4m from ground level in
the last year of monitoring (see Figure 5.9) to monitor the ground water level fluctuation.
The initial depth of the water level from the ground surface was about 2.3m. The
observed water level fluctuations were consistent with climate conditions, with the
minimum depth being 0.5m below the ground surface in March 2002.
By monitoring the pile displacement, it was found that the structural capacity of
the steel piles had been attained in early 2001.

In order to extend the period of

monitoring, the piles were filled with concrete in July 2001 to increase their structural
capacity. The monitoring was interrupted in August 2002 because of damage to many
instruments (e.g., vibrating wire strain gauges within the pile, automatic piezometer, and
some topographic marks), and no information is available after that date.
The readings at inclinometer P1 revealed the presence of a sliding surface at a
depth of about 5m or slightly larger, while those on the pile showed a different trend,
with larger displacements at the pile head, almost a rectilinear displacement along the pile
shaft, and a maximum curvature at a depth of 6m. By fitting a nine-degree polynomial to
the experimental displacement profile (obtained from the inclinometer placed within the
pile) and assuming a linearly elastic behavior of the steel pile, the bending moments M(z),
shear forces V(z), and lateral loads q(z) were computed by the following successive
derivations (Lirer, 2012):

q( z ) = EI

d 4 y( z)
dz 4

(5.6)

V ( z ) = EI

d 3 y( z)
dz 3

(5.7)
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M ( z ) = EI

d 2 y( z)
,
dz 2

(5.8)

where EI is the bending stiffness of the pile and y(z) is the pile horizontal displacement at
a depth z.
The bending moments acting in the instrumented pile were also computed by
processing the strain gauges data. A comparison between the bending moments obtained
by strain measurements and those obtained by processing the inclinometer profiles was
reported, and a fairly good agreement was observed between the two sets of data.
Unfortunately, such a comparison was possible only for the first few months because the
strain gauges went out of range six months after the installation (Lirer, 2012).
To study the response of the stabilizing piles using the proposed method, the
depth of the sliding surface was assumed to be 5m (Hs = 5m), as reported by Lirer (2012).
Figure 5.10 shows the unstable and stable soil properties used in the current study. Based
on the information provided by Lirer (2012) in Table 5.1, the C-φ and clay soil types
were assigned to the unstable and stable soil layers, respectively. It was found that the
pile response using incorporated soil properties provide better agreement with the
measured ones. It was assumed that the water level was 2.0m below the ground surface.
The steel pipe piles with a diameter of 0.4m, a center-to-center spacing of 0.9m, and a
bending stiffness (EI) of 28,820 kN-m2 were used to stabilize the slope.
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G.W.T

(C- ϕ soil)

2m

Sliding (unstable)
Layer

Hs=5m
Sliding surface

C ʹ= 4.0 kPa
ϕ ʹ= 23O
γ = 18 kN/m3
γsat = 20 kN/m3

(Clay)
Su = 86 kPa
ϕ=0
γsat = 21 kN/m3

Stable Layer

Figure 5.10 Slope geometry and unstable and stable soil properties used in the current
study

Pile deflections measured from the inclinometer attached to the middle pile and
the corresponding shear and moment distribution obtained from Equations 5.7 and 5.8,
respectively, are shown in Figure 5.11. The measurements before 2001 are used in the
current study (i.e., June 2000 and September 2000), since pile structural failure took
place in early 2001. The lateral free-field slope movement has increased incrementally to
achieve the pile head deflection close to those experienced in the field (see Figure 5.11a).
Also, the corresponding shear force and moment distribution are calculated and shown in
Figures 5.11b and 5.11c, respectively, and are compared with the measured values. Good
agreement can be observed between the measured and computed pile deflections, shear
forces, and bending moments.
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Figure 5.11 Measured and predicted values: (a) pile deflection; (b) shear force;
(c) bending moment
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5.2.2 Tygart Lake slope stabilization using H-piles
Richardson (2005) conducted full-scale load tests on pile-stabilized slopes at the
Tygart Lake site in West Virginia. Slope movement at the site has occurred periodically
for a number of years. As reported by Richardson (2005), ten test holes were made, and
soil and rock samples were collected for laboratory testing. Detailed information about
the slope geometry, field exploration, soil description, stabilizing piles, and monitoring is
provided in Chapter 4.
A comparison between the measured (Pile 4 and 5) and calculated deflections and
moments is presented in Figures 5.12 and 5.13, in which a good agreement between these
values can be observed.
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Figure 5.12 Measured and computed pile deflections of the Tygart Lake Test
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Figure 5.13 Measured and computed pile moments of the Tygart Lake Test
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CHAPTER 6

PILE ROW INTERACTION USING 3D-FEM SIMULATION
AND THE PROPOSED METHOD

The comprehensive computation of loads acting on slope-stabilizing piles requires
three dimensional (3D) modeling of the problem. It is thought that the 3D piled slope
model, including a sliding zone, is a better representation of the actual field conditions
and provides better insight into the load transfer mechanisms of piled slopes.

6.1 Finite element (FE) modeling of pile-stabilized slopes
The finite element (FE) analysis program, PLAXIS 3D (Brinkgreve et al., 2011),
was used for this analysis. The basic soil elements of the 3D finite element mesh were
the 10-node tetrahedral elements (see Figure 6.1).
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Figure 6.1 3D soil element (tetrahedral element)

Boreholes were used to define the soil stratigraphy and ground surface level.
Using several boreholes at different locations, the soil layers and ground surface may be
established as being non-horizontal. It is also possible, in a calculation phase, to assign
new material data sets to soil volume clusters or structural objects. This option may be
used to simulate the change of material properties over time during the various stages of
construction. The option may also be used to simulate soil improvement processes, e.g.,
removing poor quality soil and replacing it with soil of a better quality.
The soil mass was modeled using the Mohr-Coulomb model. This linear elastic,
perfectly plastic model requires five basic input parameters: the soil’s Young's modulus,
E; Poisson's ratio, ν; the cohesion, C; the friction angle, φ; and the dilatancy angle, ψ.
For the Young's modulus, a value representing the soil secant modulus at 50% strength
(E50), as shown in Figure 6.2, is recommended (Brinkgreve et al., 2011).
The reinforcing piles were modeled using the embedded pile element in Plaxis
3D. An embedded pile consists of beam elements with special interface elements that
provide the interaction between the beam and the surrounding soil. A particular volume
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around the pile (the elastic zone), in which plastic soil behavior is excluded, was
assumed. The size of this zone was based on the (equivalent) pile diameter. This made
the pile behave like a 3D-volume pile.
It should be noted that the embedded pile material data set does not contain the socalled “p-y curves,” nor the equivalent spring constants. In fact, the stiffness response of
an embedded pile that is subjected to loading is the result of the specified pile length, the
equivalent radius, the stiffness and bearing capacity, and the stiffness of the surrounding
soil.

1

1
E50

E

1

E0

Figure 6.2 Soil secant modulus at 50% strength (E50)

Figure 6.3 shows a representative FE model for a pile-stabilized slope. The
sliding surface is modeled by a thin layer of weak soil (the shear zone). Further, the
unreformed mesh for the presented model is shown in Figure 6.4. After the model was
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brought to equilibrium under gravity loading, a gradual reduction of the shear strength
was imposed along the shear zone. This caused sliding in the unstable soil mass that was
equivalent to the experienced slope movement. The deformed mesh for the presented
pile-stabilized slope is shown in Figure 6.5. The numerical analysis gives insight into the
soil-pile interaction. For instance, Figures 6.6 and 6.7 thoroughly show the arching
between the piles in a row, in terms of horizontal soil stresses and displacement,
respectively.

Figure 6.3 The representative FE model for a pile-stabilized slope
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Figure 6.4 Slope model and finite element mesh

Figure 6.5 The deformed mesh of the FE model after the shear strength reduction is
imposed along the shear zone
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Figures 6.6 Horizontal stress (σxx) contours

Figures 6.7 Horizontal displacement contours
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However, in this way of modeling, it is very hard to keep the model stable when
the goal is to simulate the slopes that are experiencing huge movement or to evaluate the
ultimate soil-pile interaction. Therefore, in the current FE analysis, the "hybrid" method,
proposed by Kourkoulis et al. (2012), was used to investigate the pile row interaction
above and below the anticipated failure surface. In this method, only a representative
region of soil around the pile is modeled (as discussed in greater detail in Chapter 2, see
Figure 2.9), and the mobilized and ultimate soil-pile resistance is computed by imposing
a uniform displacement profile on the model boundary (see Figure. 6.8).

Unstable layer

Imposed boundary
displacement
Weak soil (shear zone)

Stable layer

Figure 6.8 Modeling slope movement in the FE analysis by imposing a uniform
displacement profile on the model boundary
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6.2 Validation of the finite element analysis
To validate the FE analysis employed in this study, the 3D numerical model of the
field trial reported by Lirer (2012) was implemented with the Plaxis 3D code. This wellinstrumented field trial, consisting of five piles, was installed in the active Masseria
Marino mudslide in the Basento Valley in Southern Italy and was then monitored for
three years (Lirer, 2012).
The field trial was started in July 1999 by installing a row of five steel piles (see
Figure 5.9) in the middle section of the Masseria Marino mudslide, where the sliding
body thickness is approximately 5m. The piles consisted of 6mm-thick steel tubes that
were 10m long (L), 0.4m in diameter (D), placed with a spacing (S) of 0.9m. Detailed
information about the involved soil types, the instrumentation, and the monitoring results
is provided in Chapter 5.
The soil properties implemented in the FE analysis for the unstable and stable
layers are presented in Table 6.1. To model the slip surface, a thin weak layer 50cm thick
was considered in the location of critical surfaces (a depth of 4.5m below the ground
surface). A linear elastic–perfectly plastic constitutive model with a Mohr–Coulomb
failure criterion was used for the soils. The water level was placed at a depth of 2.0m
below the ground surface, and a drained condition was considered. The reinforcing piles
were modeled using the embedded pile element and the properties presented in Table 6.2.
A uniform displacement profile was imposed onto the upper part (i.e., the
unstable layer) of the model (see Figure 6.8) and was incrementally increased until the
pile head deflections close to those experienced in the field were achieved. The generated
FE mesh (i.e., the undeformed mesh) and the deformed mesh (after imposing a uniform
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lateral displacement to the model boundaries) are shown in Figure 6.9 while the measured
and calculated pile deflections are shown in Figure 6.10a. Also, the corresponding shear
force and moment distribution are calculated and shown in Figures 6.10b and 6.10c,
respectively, and are compared to the measured values of each. The overall FE model
performance in predicting pile response (see Figure 6.10) in the field was satisfactory,
adding to our confidence in its validity.

Table 6.1 Soil properties adopted in the FE analysis

Soil layer

φʹ (degrees)

Cʹ (kPa)

E50: kPa

ν

ψ (degrees)

Unstable layer

24

4.0

2.5 × 104

0.3

0.0

Stable layer

30

6.0

5.0 × 105

0.28

0.0

Table 6.2 Pile properties used in the FE analysis
Unit weight (kN/m3)

77

Diameter (m)

0.4

Thickness (mm)

6.0
1.44×10-4

Moment of inertia (m4)

0.25

Poisson’s ratio

2.1×108

Elastic modulus (kPa)
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(b)

(a)

Figure 6.9 FE discretization of the slope in the “hybrid” method: (a) undeformed
mesh and (b) deformed mesh after application of the imposed uniform lateral
displacement
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Figure 6.10 Illustration of the validity of FE modeling for pile-stabilized
slopes: (a) pile deflection; (b) shear force; (c) bending moment
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6.3 Illustrative examples of pile-stabilized slopes
Three slope models (Case I, Case II, and Case III) with the same soil properties
for the unstable and stable layers but differing sliding depths at the pile location (Hs =
4.0m, 6.0m, and 8.0m, respectively) were studied (see Figure 6.11). The unstable and
stable soil layers were assumed to be loose, silty sand and very dense sand, respectively,
with the properties illustrated in Figure 6.11. It was assumed that the sliding slopes were
stabilized by one row of 1.0-m diameter reinforced concrete piles with the properties that
are summarized in Table 6.3.
In order to carry out this study, the piles were assumed to have sufficient
embedment in the stable dense sand layer. The pile head maintained free head conditions
(i.e., free rotation and displacement), which is a very common practice. The pile row
interaction was evaluated based on an assumption that there were two different pile
configurations (i.e., pile center-to-center spacing, S, of 2D and 4D).

For the cases

examined, it was found that S = 4D is the smallest pile spacing at which piles behave
almost as single, isolated piles and that pile spacing of S < 4D develops group action.
In the FE analysis, the "hybrid" method proposed by Kourkoulis et al. (2012) was
used to investigate the pile-row interaction both above and below the anticipated failure
surface. The soil mass was modeled using the Mohr-Coulomb model, and the reinforcing
piles were modeled using the embedded pile element in Plaxis 3D. The soil properties
used in the FE analysis are shown in Table 6.4.
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(Silty sand)

Sliding (unstable)
Layer

C = 6.0 kPa
ϕ = 22O
γ = 18 kN/m3

Hs

D =1.0 m
(Dense sand)

Stable Layer

C=0
ϕ = 39O
γ = 19 kN/m3

Figure 6.11 Unstable and stable soil layer properties incorporated in the current study

Table 6.3 Pile properties
Unit weight (kN/m3)

24

Diameter (m)

1.0

Elastic modulus (kPa)

2.6×107

Compressive strength
of the concrete (kPa)

3.0×104

2800

Plastic moment (kN-m)
Yield strength of the
rebar (kPa)

4.14×105
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Table 6.4 Soil properties as used in the FE analysis

φʹ (degrees)

Cʹ (kPa)

E50: kPa

ν

ψ (degrees)

Silty sand

22

6.0

2.5 × 104

0.3

0.0

Dense sand

39

0.0

2.0 × 105

0.25

6.0

Soil type

6.4 Study of pile row interaction
Slope-pile interaction and the amount of resistance that a stabilizing pile can
provide to increase the safety factor of the stabilized slope are affected by several
parameters. These parameters include the slope geometry, the material properties of the
pile, the soil properties, the pile position in the slope (i.e., the depth of the slip surface at
the pile location), and the spacing of adjacent piles.
The focus of this study is to investigate the effect of pile spacing and the depth of
the sliding soil mass on the pile-row interaction of pile-stabilized slopes using the
presented technique and FE analysis.
Figures 6.12a, 6.13a, and 6.14a illustrate the effect of pile spacing on the
mobilized driving force (PD) exerted by the unstable soil layer on each pile and the
corresponding pile head deflection (yp) for Cases I, II, and III, respectively. Meanwhile,
Figures 6.12b, 6.13b, and 6.14b show the amount of resisting force per unit length of the
slope provided by a row of piles (Frp) versus the pile head deflection (yp). In addition,
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Figures 6.12c, 6.13c, and 6.14c describe Frp versus the Mmax/Mp ratio, where Mmax and Mp
are the maximum and plastic moment of the stabilizing pile, respectively.
As seen in Figures 6.12a - 6.14a, the pile response predicted using the FE analysis
agreed with the SWM technique results. As mentioned earlier, the Young's modulus
incorporated in the FE analysis had a constant value and used the soil secant modulus at
50% strength (E50, see Figure 6.2) while, in the presented model, it changed based on the
stress level induced in the soil. Hence, the pile response predicted in Figures 6.12a 6.14a by the developed model is stiffer at small pile deflection values and becomes softer
as the pile deflection increases (i.e., at larger soil stress levels).
Further, the distribution of soil-pile pressure (pD) was affected by the nonlinear
stress-strain relationship incorporated in the presented technique and should be different
from that obtained through the FE analysis using the linear elastic-perfectly plastic MohrCoulomb model.

6.4.1 Effect of pile spacing on soil-pile interaction
Pile spacing had a significant influence on the soil-pile interaction above and
below the sliding surface in pile-stabilized slopes. The closer the pile spacing was, the
larger the interaction among the piles below the slip surface would be. Therefore, a
greater pile deflection was anticipated for those piles with closer spacing under the same
PD (see Figures 6.12a - 6.14a).
The pile group interaction below the slip surface depended on the amount of load
exerted on the pile by the moving soil mass above the failure surface. Hence, in Cases II
and III, with deeper failure surfaces and larger PD, the pile group interaction below the
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slip surface was more significant than in Case I (see Figures 6.13a and 6.14a). In
addition, pile spacing controlled the magnitude of mobilized load exerted on each pile by
the sliding soil mass (PD) and the distribution of the soil-pile pressure (pD) along the pile
length.
As shown in Figure 6.12a, the ultimate resistant force provided by each pile
(PD)ult at 2D pile spacing (S = 2D) using the proposed method in Case I was about 70% of
that provided by each pile at 4D spacing. In Case I (with a shallower failure depth, Hs =
4m), the ultimate soil-pile interaction was achieved through sliding soil mass failure.
However, the pile structural capacity, as indicated by the Mmax/Mp ratio in Figure 6.12c,
was not fully mobilized, and the pile behaved almost as a rigid structure, especially at
closer spacing. This is in agreement with the proposed method’s assumption that the
ultimate soil-pile pressure (pD) along the pile segment above the anticipated failure
surface in the “flow mode” of failure is a function of (i.e., proportional to) the pile
spacing (S) (see Equation 3.21). It should be noted that the ultimate amount of resistance
force per unit length of the slope provided by a row of piles (Frp)ult at 2D spacing was
about 44% more than that at 4D spacing.
In contrast, the ultimate resistant force provided by each pile (PD)ult at 2D pile
spacing (S = 2D) in Cases II and III using the proposed method was almost the same as
that provided by each pile at 4D spacing (see Figures 6.13a and 6.14a). Therefore, (Frp)ult
provided by a row of piles at 2D pile spacing (S = 2D) in Cases II and III was almost
twice that found at 4D pile spacing (see Figures 6.13b and 6.14b). As shown in Figures
6.13c and 6.14c, piles behaved more flexibly in Cases II and III (with deeper failure
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surfaces), and the ultimate amount of PD in the slope at 2D and 4D pile spacing was
limited by the pile structural capacity (Mmax=Mp).
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Figure 6.12 The effect of pile spacing (Case I): (a) resistant force provided by each pile
(PD) versus the pile head deflection (yp); (b) resistant force provided by the pile row (Frp)
versus yp; (c) Frp versus the Mmax/Mp ratio
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Figure 6.13 The effect of pile spacing (Case II): (a) resistant force provided by each pile
(PD) versus the pile head deflection (yp); (b) resistant force provided by the pile row (Frp)
versus yp; (c) Frp versus the Mmax/Mp ratio
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Figure 6.14 The effect of pile spacing (Case III): (a) resistant force provided by each pile
(PD) versus the pile head deflection (yp); (b) resistant force provided by the pile row (Frp)
versus yp; (c) Frp versus the Mmax/Mp ratio
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Figures 6.15a and 6.15b show the variation of the ultimate resistant force
provided by each pile in a row (PD)ult and the ultimate resistance force per unit length of
the slope provided by a row of piles (Frp)ult based on the pile spacing to pile diameter
ratio (S/D) for the abovementioned cases.
In Case I at all pile spacing ratios, (PD)ult was achieved when the stabilizing pile
reached its maximum interaction with the surrounding soil and sliding soil flowed around
the pile (i.e., “flow mode” failure). However, in both the Case II and Case III slope
models, (PD)ult was limited by the pile structural capacity (Mmax=Mp), except at S/D = 1.
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Figure 6.15: (a) Ultimate resistant force offered by each pile (PD)ult versus the S/D ratio;
(b) ultimate resistant force offered by the pile row (Frp) versus the S/D ratio
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In Case I, (PD)ult increased as the pile spacing increased and reached its maximum
value when the pile spacing was about 4D (S/D = 4) and maintained a constant value
when pile spacing was more than 4D. As a result, S = 4D in Case I was the smallest pile
spacing at which piles behaved almost as isolated piles, and the pile spacing S < 4D
would generate a group action in the unstable soil layer.
As shown in Figure 6.15b, in slopes with deeper failure surfaces and more
flexible pile responses (i.e., Case II and III), (Frp)ult was more sensitive to the pile spacing
and increased significantly as the pile spacing decreased.
Figure 6.16 shows the line load variation (pD) applied to the stabilizing pile by the
sliding soil mass at the ultimate soil-pile interaction (SL =1) in Case I for any pile spacing
ranging from D (no spacing) to 4D (single pile). The line load distribution from Equation
6.1 below is also illustrated in Figure 6.16:

pD = σ ′p × D

σ ′p = σ vo′ K p + 2C K p ,

(6.1)

(6.2)

where σʹp is the soil passive pressure (i.e., the ultimate stress), σʹvo is the vertical
overburden pressure, C is the soil cohesion, and Kp is the coefficient of passive soil
pressure.
While pD increased with the increase in pile spacing, pD obtained from the
presented technique for piles with no spacing (S = D) agreed well with that obtained from
Equation 6.1 developed for retaining walls.
Although in the proposed method, the ultimate lateral soil pressure (σʹhf) was the
same for different pile spacing, the size of the passive soil wedge and, therefore, the
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amount of pD was limited by the pile spacing in a row. The larger the pile spacing was,
the larger the passive soil wedge size would be. Therefore, piles arranged at larger
spacing could attract more loads from the sliding soil mass. However, this was valid for
a limited range of pile spacing where the piles in a row interacted with each other.
Obviously, as long as the piles in a row behaved like a single pile, the increase in pile
spacing would not affect the geometry and the size of the developed passive soil wedge
or the amount of pD and PD.
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Figure 6.16 pD along the pile segment above the slip surface at the ultimate soil-pile
interaction (Case I)
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6.4.2 Effect of the depth of the sliding soil mass on soil-pile interaction
The depth of the failure surface at the pile location is a key parameter that has a
considerable effect on the soil-pile interaction and the mode of failure in pile-stabilized
slopes. The deeper the failure surface is, the more flexible the pile behavior is expected
to be. Therefore, piles with specific diameters and lengths (and sufficient embedment
lengths in the stable layer) will behave more rigidly if installed in a slope with a shallow
failure surface to promote the “flow mode” of failure. If the stabilizing piles are installed
in a slope with a deep failure surface, the “intermediate mode” of failure will dominate
the slope-pile response. In this case, the pile deflection at the upper portion could exceed
the soil movement, and some resisting force could be applied from downslope soil to that
segment.
The pile deflection as well as the pile shear and moment distribution at S = 4D in
Cases I, II, and III are shown in Figures 6.17, 6.18, and 6.19, respectively, for different
free-field soil lateral movements (yff) at the pile location.
It should be noted that, in Case I, with a shallow failure surface (Hs=4m), the soil
movement always exceeded the pile deflection and the “flow mode” was the dominant
mode of failure (see Figure 6.17a). Also, the pile reached its ultimate interaction with the
surrounding soil when the slope experienced a large displacement to make the soil flow
around the pile (see Figure 6.17d).
However, in Case III, with a deep failure surface (Hs=8m), the “intermediate
mode” of failure was the dominant mode of failure. It can be seen in Figure 6.19a that all
assumed free-field soil lateral movements (yff) yielded pile deflections at the upper
portion that were larger than the soil movement. Therefore, a resisting force was applied
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from downslope soil on this pile segment. This changed the distribution of the shear
force and moment along the pile length embedded in the unstable soil layer. In most
cases that experience the “intermediate mode” of failure, the soil-pile interaction was
governed by the pile structural failure, especially at a larger pile spacing.
In Case II (intermediate case, Hs=6m), when the slope movement was less than
4cm, the pile head deflection was almost the same as the slope displacement (see Figure
6.18a). However, at larger slope movement (yff ≥ 4cm), the pile deflection was less than
the assumed soil displacement. This was attributed to the softer response of the sliding
soil mass at higher stress levels that could not provide more driving force to the
stabilizing piles.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary
The presented approach allows for the prediction of the behavior and safety
factors of pile-stabilized slopes based on the interaction between stabilizing piles and
surrounding soils. The mobilized lateral soil-pile pressure acting on the pile segment
above the slip surface is determined as a function of the soil and pile properties (i.e., the
soil-pile interaction) using the Strain Wedge (SW) model technique. In addition to
addressing the influence of the soil properties, the developed method accounts for the
effect of pile diameter and position as well as center-to-center pile spacing on the
mobilized soil-pile pressure (pD).

The criteria that govern the ultimate interaction

between the pile and the sliding mass incorporate the strength of the pile material (i.e.,
the structural failure), the soil flow-around failure, the soil strength, and the pile
interaction with adjacent piles.
The current study introduced the two common soil-pile loading mechanisms in
the pile-slope stabilization process, which are 1) the “flow mode” failure in which the soil
displacement is larger than the pile deflection and 2) the “intermediate mode” of failure,
which is based on the relative soil-pile displacement.
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The influence of pile spacing and the depth of the sliding soil mass on the pilerow interaction (above and below the slip surface) in pile-stabilized slopes was further
investigated using the presented technique and 3D Finite Element analysis (Plaxis 3D).
The computer software (PSSLOPE), which was written in Visual Basic and
FORTRAN, was developed to implement the presented technique for pile-stabilized
slopes, including the slope stability analysis (with no piles) using the modified Bishop
Method. The ability of the proposed method to predict the behavior of piles that have
been subjected to lateral soil movements due to slope instability was verified through a
number of full-scale load tests.

7.2 Conclusions
The following conclusions were obtained as a result of the work of this
dissertation:
•

The technique presented has the ability to predict the load transfer mechanism
(δ vs. pD) in pile-stabilized slopes based on the soil-pile interaction. The
consideration of the relative soil-pile displacement (δ) reflects the true
mechanism of the soil-pile interaction and gives the proposed method the
capacity to predict different modes of failure in pile-stabilized slopes (e.g., the
“flow mode” and the “intermediate mode”).

•

The study also shows that the position of the pile in the slope, the depth of the
failure surface at the pile position, the soil type, the pile diameter, and the pile
spacings have a combined effect on the ultimate driving force (PD)ult that the
pile can transfer down to the stable soil.
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•

The mobilized non-uniformly distributed soil pressure (pD) is governed by the
soil-pile interaction (i.e., the soil and pile properties) and the developing flowaround failure above and below the slip surface.

•

The current method detects different failure modes that could take place under
a sliding soil mass loading mechanism to include 1) the failure of pile
materials (i.e., the development of a plastic hinge); 2) soil flow-around failure;
and 3) soil failure when the soil stress level equals 1.

•

The proposed method provides the deflection, moment, shear force, and soilpile reaction along the length of the installed piles.

•

The technique presented manages a realistic equilibrium between the driving
and resisting forces above and below the slip surface according to the
interaction among soil wedges developed in sliding and stable soils.

•

In addition, the presented technique allows for the calculation of the post-pile
installation safety factor (i.e., the stability improvement) for the whole
stabilized slope as well as the slope portions uphill and downhill from the pile.
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APPENDIX A

PSSLOPE PROGRAM USER MANUAL FOR INPUT AND OUTPUT DATA

One of the main advantages of the SW model approach is the simplicity of the
required soil and pile properties. Those properties represent the most basic and common
properties of the soil and piles, such as the effective unit weight, angle of internal friction
(ϕ), undrained shear strength (Su) and pile geometry, bending stiffness, and plastic
moment. The computer software (PSSLOPE), which is written in Visual Basic and
FORTRAN, has been developed to implement the presented technique for pile-stabilized
slopes, including the slope stability analysis (with no piles) using the Modified Bishop
Method. The program has been made as user friendly as practical. Figure A.1 shows the
main screen of PSSLOPE software into which input data are inserted.

A.1 Defining slope geometry and soil types
A slope stability analysis should be performed to estimate the risk level of the
slope in question. Before the data can be entered into the program, a cross section should
be prepared using a reasonable number of straight line segments that will represent the
cross section. For the existing slope failure, the developed slope geometry is used to
back calculate the appropriate soil parameters on the failure plane that led to that failure.
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Figure A.1 The main screen of PSSLOPE software into which input data are inserted

Each location where the line segments intersect, or end, is called a point, and each
line segment is called a line (or boundary). Lines are used to show the ground surface,
different soil zones, and the water table surface. Next, the core boring soil and rock
layers are plotted on the cross section, and the different soil boundaries are determined.
Each line is numbered from left to right, starting at the top boundary (see Figure A.2).
Next, coordinates x, y (i.e., offsets and elevations) for the endpoints of all line
segments, including those for the water surface, are determined and recorded on the cross
section (see Figure A.2). Noticeably, all of the boundaries have the same beginning and
ending edges. The water surface is then extended to these same beginning and ending
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edges. No vertical or overhanging boundaries are allowed. The program always sets the
starting point for the graph at x, y = 0, 0. Consequently, when preparing the cross
section, the values of the coordinates should be adjusted so that the lower left starting
point is at least x, y = (10, 10) to allow room for the slip plane below the lowest surface.
Also, if the actual elevations are used, the program will plot the actual distance from zero,
producing an impracticably small graph (e.g., if the lower left starting point on Figure
A.2 was imputed at the actual elevation, the graph would be scaled to fit the screen in
such a manner that it would be hard to see the geometry shown below). An example for
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Figure A.3 Cross section showing typical required data

A.1.1 Preparing the soils data
Figure A.4 shows the input table that corresponds to the soil properties defined in
Figure A.3. The soil /rock zones should be numbered on the cross section and the
properties of the soil recorded in each zone (see Figure A.3). The soil below each line is
imputed into the program, as will be discussed later. The program can then use the
average Standard Penetration Test (SPT) N-values to estimate the undisturbed soil
parameters for each layer (for the soil-pile analysis).
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Figure A.4 Soil input table

The unit weight, saturated unit weight, residual friction angle, peak friction angle,
disturbed cohesion, and undisturbed cohesion can be estimated based on the soil type or
from laboratory testing. Further, the Rock Mass Rating (RMR) system can be used to
estimate rock properties. The following steps are used to enter the soil data:
1. Enter a number for “Number of Soil Types”; this number must be greater than
zero.
2. Change the “SPT Hammer Efficiency” if the hammer used has a different
efficiency than the standard 60% for a rope and cathead hammer. The program
internally adjusts the SPT blow-counts to the standard (N60) to determine the soil
properties needed for soil-pile analysis.
3. Click the “Update Screen” button to generate the required rows for the number of
soils entered. After making changes to a table/section, and prior to selecting
another table/section or running the analysis, the screen must be updated.
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4. Select the “Soil Type.” There are four choices to choose from: three soils types
and one rock. When selecting “Soil Type,” it is important to understand how the
program uses each type of soil in the calculations.
a. Sand: This soil type has zero cohesion and has only friction; therefore, the
program ignores any values entered as input in the Cohesion Intercept
Undisturbed column. This soil would be recognized as fairly clean sand with
not enough binder soil to stick together.
b. Clay: This soil type has zero friction and has only cohesion; therefore, the
program ignores any values entered in the Friction Angle Peak column. This
soil would be classified as clay with only a trace of sand or silt and can be
rolled into a thin thread between the fingers.
c. C-Phi (Silt): This soil type contains both friction and cohesion soil properties.
This selection will use both soil properties in the calculation. The C-Phi soil
option should be selected unless it can be determined that the soil is either a
pure sand or a pure clay.
d. Rock: This selection should be used for bedrock of all types, including an
intermediate geomaterial (IGM) of extremely weathered rock.
5. Input the disturbed cohesion intercept and friction angle. “Disturbed Cohesive
Intercept” and “Residual Friction Angle” represent the soil strength parameters
along the failure surface.

These values are used in the initial slope stability

analysis without piles.
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6. Note the last four columns of soil properties (Blowcounts, RMR, Cohesion
Intercept, and Friction Angle), which represent the data needed for the soil-pile
analysis. They are the soil strength parameters above and below the failure surface
and are considered to be undisturbed.
7. Understand that the program defaults to the columns labeled Blowcounts and RMR
when running the soil-pile analysis. If values are entered into the Blowcounts (N
value) or RMR columns, the program ignores any value entered in the last two
columns (i.e., the Cohesion Intercept and Friction Angle columns).

A.1.2 Boundaries
Users are required to provide detailed input regarding the boundaries, soil profile,
and water surface. There are two failure scenarios used in this program for analyzing the
slope stability, which are as follows:
a. Existing Failure Surface
b. Potential Failure Surface
The input of the boundary layers is the same for the two scenarios mentioned
above. Figure A.5 shows the input data entered to define the boundary lines for soil
layers and water surface corresponding to Figure A.2. The input data are entered through
the following steps:
1. Input the total number of boundaries and the number of top boundaries, and click
“Update Screen.” Referring to Figure A.2, the number of top boundaries is 5, and
the total number of boundaries is 9.
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2. Input the boundary line segments starting from the leftmost and topmost boundary
and working to the right and down through the layers. Input lines using the x and
y coordinates for the start and end of each line segment. Notice that the ending
coordinates are repeated as the starting coordinates for the next line segment.

Figure A.5 Input table for boundary lines and water surface segments

3. Define which soil type underlies which line segment by giving the soil a number
corresponding to the soil type when entering the line segments. This Soil Number
is input in the same row as the line segment that it underlies.
4. Provide an accurate estimate of where the water surface was at the time of the
failure. Enter the number of water surface points that make up the total number of
line segments. Do not forget the last ending point. For example, 9 line segments
will require 10 points. Enter the x and y coordinates that make up the line
segments. The program only accepts one water surface.
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A.2 Performing the slope stability analysis (without piles)
To perform the slope stability analysis, the location of the critical failure surface
needs to be specified. As mentioned earlier, there are two failure scenarios used in this
program for analyzing the slope stability (i.e., existing and potential failure surfaces).
For an existing failure surface, use the boring information to determine or estimate the
failure surface location. Alternatively for the potential failure surface, if a range for the
initiation point near the toe and ending point near the scarp is entered, the program will
search for the worst failure surface out of the ten worst failure surfaces in the selected
range. Make sure your circle does not intersect the ground surface in more than two
points or an error message will be generated. You may have to slightly change some
points, or lines, on the cross section to correct this problem.
It is possible to enter the data for either/both Existing Failure Surface or Potential
Failure Surface, on the same file and to switch back and forth between the two methods.
Switching back to one of the other methods will require that the boundary data be reentered. Therefore, the user should save the file after inputting the boundary data and
prior to switching methods of analysis. The Modified Bishop Method, which simulates a
circular failure surfaces is used in the program.

A.2.1 Select coordinates for the failure surface
a. Existing Failure Surface: This method requires inputting the slip surface using
a three-point method.

The failure surface is determined from the slope

geometry, by the scarp, by the toe, and by the depth-to-slip plane as indicated
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from the borings. This requires that the x and y coordinates for the starting,
ending, and middle points be entered in a table (see Figure A.6) that opens
when the “Existing Failure Surface” button is selected. The slope geometry
and the failure surface can be viewed by selecting the “Plot Failure Surface”
button (see Figure A.6). This option is useful in determining if adjustments
need to be made to the failure surface or boundaries.

Figure A.6 Existing failure surface input box

b. Potential Failure Surface: This method requires entering the slip surface by
inputting the Leftmost Initiation Point, Rightmost Initiation Point, Left
Termination Limit, Right Termination Limit, and the Min. Elevation of
Surface Development (see Figure A.7). This method is used when the exact
failure surface is unknown or during a search for the most critical slip surface.
It is also used when analyzing a slope that has not failed for stability. A
common practice is to conduct a preliminary search for the critical slip surface
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first. Usually, most of the slip surfaces occur within a defined range. It is
possible to more precisely define the search limits or force the critical surface
to a predetermined location after the first run.

Figure A.7 Potential failure surface input box

A.2.2 The Modified Bishop Method
The method used in the program is the Modified Bishop Method, which simulates
a circular failure surface. When the safety factor of a slide is 0.99 or—for practical
purposes—1.0, failure has occurred. Other methods are available that simulate sliding
block failures, which may be more accurate for that type of failure, but it is believed that
the Bishop Method is within the accuracy needed to estimate soil parameters and
provides adequate results for a stabilizing pile design.
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A.2.3 The goal for the initial stability analysis
The goal of the initial stability analysis is to establish the soil parameters (i.e.,
strength parameters and water surface) to obtain a safety factor (SF) of 1.0. In this form
of back-analysis, the soil parameter values do not have to be exact, just reasonably
correct. If you are running the program for an existing slide, the safety factor should be
1.0. If 1.0 SF is not reached, adjust the strength parameters, the water table data, or both
until 1.0 is reached. Do not waste time making the slide SF exactly 1.0, if the SF rounds
to 1.0 (i.e., is 0.96 to 1.04; use two decimal places only). Use soil parameters and water
surface in subsequent stability analyses to evaluate the pile wall design (this is discussed
later). At the top of the menu, select “Run, Slope Stability.” The following note will
appear if all inputs were entered correctly (see Figure A.8).

Figure A.8 Notification message of successful stability analysis

A.2.4 Viewing results
The program offers two methods to view the profile of the input parameters prior
to running the stability analysis. This function can be used to check the soil, the water
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table and the failure surfaces and also to make adjustments prior to running the analysis
(see Figure A.9). A small sketch of the surface, water and slip plane boundaries will be
generated. To view the preview sketch (see Figure A.9), select “Profile” on the main
menu bar at the top of the screen (see Figure A.10). In the Existing Failure Surface
scenario, press the “Plot Failure Surface” button (see Figure A.6). This button is not
available in the Potential Failure Surface scenario.

Figure A.9 Slope profile preview

Figure A.10 Profile on the main menu bar
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Also, once the stability analysis has run successfully, the user has the option to
view a graph of the geometry and failure surface(s) (see Figure A.11). The graph
displays the date and time, safety factor, water table, soil layers, and slide name. If the
mouse pointer is moved over the graph, the x and y coordinates are displayed on the
lower border of the graph.

Figure A.11 Stability graph/plot
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In addition to the information displayed on the graph, detailed failure surface
coordinates (the circle center coordinates and radius), soil profile and properties, water
surface coordinates, and driving and resisting forces along the failure surface along with
the stability safety factor are presented in the output data file. This information can be
viewed or printed on the additional two tabs (see Figure A.11).

A.3 Analysis of pile-stabilized slopes
To achieve the desired SF and obtain the associated pile response (i.e., pile
deflection, shear force, and moment distribution), the information about the pile location
in the slope, the pile length, the pile width/diameter, and the pile stiffness properties are
required.

A.3.1 Pile data input
Enter the following data in the table located at the bottom of the main screen (see
Figure A.12):
1.

Enter the estimated “Total Length” of the pile.

2.

Enter the “Pile Spacing” (Center-to-center pile spacing in a row).

3.

Enter the “Pile Head” x and y coordinate.

The goal of the current study is to analyze slopes that are reinforced with one row of
piles. Also, it is assumed that the piles are just under the driving force exerted by the
sliding soil mass. Therefore, choose the option “One row,” and do not put any values for
“Lagging Depth,” “Pile-Head Lateral Load,” or “Pile-Head” moment. Select from the
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drop down menu the appropriate pile (see Figure A.12), and enter the pile properties (see
Figure A.13):
1.

Flange Width: section width (bf) for H-Pile or diameter for pipe pile or
concrete pile

2.

Concrete Compressive Strength

3.

EI: where E is the modulus of elasticity and I is the moment of inertia of the
pile in the strong axis

4.

Unfactored Plastic Moment (Mp)

Figure A.12 Pile input table

Figure A.13 Concrete pile input table
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By entering the pile properties and coordinates, the pile can be plotted on the slope
graph with the slope failure surface (Figure A.14 and A.15). The user can check the
appropriate location of the pile on that plot and change it (by changing the pile
coordinates) as needed.

Figure A.14 Pile location in the slope profile (existing failure surface)
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Figure A.15 Failure surface with the location of the stabilizing pile
(potential failure surface)

A.3.2 Performing the pile analysis
The user needs to enter a value for the safety factor of the supported portion of the
slope, with the minimum value being 1.0. At the top of the menu, select “Run,” and then
select “Slope with Pile” from the drop-down menu. It is important to remember that the
“Slope Stability” must be run prior to running the “Slope with Piles” EVERY TIME a
change is made. If a change is made to ANY input data, then the “Slope Stability” must
be run again. So it is recommended as a practice to run the “Slope Stability” and then run
the “Slope with Piles,” every time.
Once the program has successfully run, the SF of the whole slope, SF of the
unsupported portion of the slope, and the pile performance ratio will be displayed at the
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far lower right of the main page. Detailed information about the SF calculation is
presented in Chapter 3.
The “Pile Performance Ratio” is the percent of the factored pile strength that is
being used. This information can be utilized in several ways. When sizing the pile up or
down, this percent can help to determine the necessary amount of pile size adjustment.
The program will generate appropriate messages in case of wrong inputs or in case the
pile is too short to maintain stability or reach its ultimate capacity (plastic moment) or
ultimate interaction with the sliding mass of soil before the desired SF is reached. The
problem can be solved by correcting the input data or adjusting the pile length, diameter
(stiffness), and/or the spacing in a row.

A.3.3 Viewing the results of the pile analysis
After performing the pile analysis, select “Graph” from the main menu, and then
select “Pile Response” from the drop-down menu. The pile response is analyzed using
four separate graphs: Pile deflection, Shear Force, Moment, and Line Load (see Figures
A.16-A.19). In addition to graphs and plots, the program generates output text files. If
needed, the user can obtain the exact deflection, location, and depth of the maximum
moment from these files.
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Figure A.16 Pile deflection

Figure A.17 Pile shear force distribution
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Figure A.18 Pile moment distribution

Figure A.19 Soil-Pile pressure (line load) distribution
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